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Zusammenfassung

Im dieser Arbeit wurde ein integrierter schwingungsspektroskopischer Ansatz zur

Untersuchung der Mechanismen der Licht-induzierten Prozesse in Phytochromen

angewandt. Diese Photorezeptor-Proteine binden ein offenkettiges Tetrapyrrol als

Cofaktor. Hauptsächlich als kanonische (Pflanzen), prototypische (Bakterien, Pilze),

Bathy-Phytochrome (Bakterien) und Cyanobakteriochrome (Cyanobakterien) klassifi-

ziert, regulieren Phytochrome diverse biologische Prozesse (z. B. Blühverhalten, Pho-

totaxis und Pigment-Synthese).

In drei verschiedenen prototypischen Bakteriophytochromen (Agp1, CphB und

Rph2) wurden die Chromophor-Strukturänderungen im Laufe des Übergangs vom

dunkel-adaptierten (Pr) zum Licht-induzierten Zustand (Pfr) mittels (pre-)Resonanz-

Raman (RR) Spektroskopie charakterisiert, die die selektive Chromophor-Banden-

Verstärkung gegenüber der Proteinmatrix ermöglicht. Dabei wurde ein allgemei-

nes Temperatur-abhängiges Reaktionsmuster für Pr-zu-Pfr Übergang identifiziert. Die

Reaktionsfolge umfasst die Z/E- Isomerisierung (Lumi-R), den Kooplanaritätsverlust

(Meta-Ra) und die transiente Deprotonierung des Chromophors (Meta-Rc). Eine spe-

zifische Protein-Faltungsänderung führt endgültig zum Pfr-Zustand. Die Protein-β-

Faltblatt-Helikalisierung wurde mittels Infrarot (IR) Spektroskopie bestimmt und ist

in Übereinstimmung mit publizierten kristallografischen Daten.

Die RR Pfr Spektrenanalyse erlaubte die Zuordnung von Chromophor-

Konformationsheterogenitäten (ZZE) bei prototypischen Phytochromen jenseits der

kristallographischen Auflösung. Die Flexibilität an der AB und CD Methinbrücken

des Chromophors ist mutmaßlich mit der Deaktivierung des Pfr-Zustands gekoppelt.

Im Gegensatz dazu nimmt der Cofaktor eine homogene Struktur im dunkel-adaptierten

Pfr-Zustand der Bathy-Phytochrome (Agp2, Pap1) ein. Offensichtlich zwingt die

starke Wasserstoffbrückenbindung zwischen der Asp194 Seitenkette und dem Ring D

den Cofaktor in eine definierte Geometrie. Dies wurde durch QM/MM-Rechnungen

vorausgesagt und experimentell auf Grund des äußerst langsamen Pyrrol-Stickstoff

Protonen-Austausches am ring D des Chromophors bestätigt.

Bei den Bathy-Phytochromen sind die Deprotonierung einer Propionsäurenkette des

Chromophors und die Strukturänderung der PHY-Domäne (α-Helix-zu-β-Faltblatt)

zur Bildung des Licht-aktivierten Pr-Zustandes notwendig. Die (De)aktivierung des

Signalmoduls erfolgt über den thermischen Zerfall des Pr-Zustands. Dieser basiert auf

der Keto-Enol-Tautomerie am Ring D, welche durch das Säure-Base Gleichgewicht an
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Zusammenfassung

der benachbarten HisH278 moduliert wird. Dieser Keto-Enol-gesteuertes Mechanis-

mus bildet wahrscheinlich ganz den entscheidenden Schritt für den thermischen Zerfall

Licht-aktivierte Zustände auch bei prototypischen Phytochromen (Pfr-zu-Pr) sowie bei

Cyanobakteriochromen dar.

Die Chromophor-Heterogenität im Pr-Zustand von Cph1 Phytochrom wird durch

den Protonierungszustand am konservierten His260 gesteuert. Dies wurde an Hand

von RR Spektroskopie an Cph1-Varianten, inklusive Chromophor-Isotopomeren und

His260-Substitution ermittelt. Weiterhin spielt diese Aminosäure eine wesentliche

Rolle während der Chromophor-Reprotonierung im Pfr-Zustand.

Gemäß den RR Spektren, nimmt der Chromophor im dunkel-adaptierten Pr-Zustand

des rot/grün-Cyanobakteriochroms ApxJ dieselbe ZZZ-Konformation wie in kano-

nischen Phytochromen. Die Licht-induzierte Form zeigt eine ähnliche protonierte

ZZE-Geometrie wie im Pfr-Zustand. Allerdings ändert die Hydratisierung der Bin-

dungstasche die elektronische Chromophor-Struktur, welches zu einer Blauverschie-

bung des ersten angeregten Zustandes und der Methin-Streckschwingungsmoden (Pg-

Zustand) führt. Wasserzutritt wird durch Trp90 vermittelt, wie von Molekulardynamik-

Simulationen vorhergesagt wurde.

Die strukturelle Flexibilität am Ring A und D sowie die Wasserstoffbrückenbin-

dung der terminalen C=O Gruppen steuern in der Rph2-Chromophorbindungsdomänen

das Verhältnis zwischen photochemischer Konversion und Fluoreszenz. Veränderun-

gen dieser Parameter mittels spezifischer und zufälliger Mutagenese kann an Hand

der Markerbanden im RR Spektrum detektiert werden, was das Design Infrarot-

fluoreszierender Phytochrom-Varianten für künftige in-vivo Fluoreszenz-Mikrokopie-

Anwendungen leiten kann.
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Abstract

In the present work an integral vibrational spectroscopic approach was applied to inves-

tigate the mechanisms of the photoinduced processes in phytochromes. These pho-

toreceptor proteins bind an open-chain tetrapyrrole as a cofactor. Mainly classified in

canonical (plants), prototypical (bacteria, fungi), bathy phytochromes (bacteria) and

cyanobacteriochromes (cyanobacteria), they regulate diverse biological processes (e.g

flowering, phototaxis and pigment expression).

The chromophore structural changes during the transition from the dark adapted (Pr)

to the light-induced state (Pfr) in three different prototypical bacterio-phytochromes

(Agp1, CphB and Rph2) were characterized employing (pre-)Resonance Raman (RR)

spectroscopy, thus selectively probing chromophore bands over the protein matrix. A

common unidirectional temperature-dependent Pr-to-Pfr reaction pathway was identi-

fied. This reaction sequence involves the chromophore Z/E-isomerization (Lumi-R),

the loss of bilin coplanarity (Meta-Ra) and a transient deprotonation, (Meta-Rc), fol-

lowed by protein refolding which eventually leads to Pfr state formation. The last step

involves a β-sheet-to-α-helix transition, as determined by infrared (IR) spectroscopy

in line with published crystallographic data.

Band analysis of the RR spectra of Pfr in prototypical phytochromes allowed the

identification of conformational heterogeneities of the chromophore (ZZE) –which are

beyond the resolution of protein crystallography. The bilin flexibility at the AB and

CD methine bridge is presumably associated with the thermal Pfr-deactivation path-

way. In contrast, the chromophore in the dark-adapted Pfr state of bathy phytochromes

(Agp2, Pap1) adopts a homogeneous structure, most likely due to the strong hydrogen

bonding with the side chain of an adjacent Asp194 residue forces the bilin cofactor

into a defined geometry. Hydrogen bond interaction and accurate geometry were pre-

dicted by QM/MM calculations and experimentally validated by the extremely slow

pyrrole-nitrogen proton exchange at the bilin ring D.

Formation of the light-activated Pr-state in bathy phytochromes involves the depro-

tonation of the bilin propionic side chain and α-helix-to-β-sheet refolding in the PHY-

tongue. Output module (de)activation via the thermal decay of the Pr state is based on a

keto-enol tautomerism at the terminal ring D, modulated by an acid-based equilibrium

of the nearby His278. This keto-enol controlled mechanism is likely to represent a gen-

eral decay mechanism of the light-activated states also in prototypical phytochromes

(Pfr-to-Pr) and cyanobacteriochromes.
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Abstract

Within the Pr state of Cph1 phytochrome, the chromophore heterogeneity is con-

trolled by the protonation state of the conserved His260, as determined by RR spec-

troscopy of Cph1 variants including chromophore isotopomers and His260 substitu-

tion. This residue plays a crucial role during the chromophore reprotonation in the Pfr

state.

According to the RR spectra, the dark adapted Pr state of red/green ApxJ cyanobac-

teriochrome adopts the same ZZZ-chromophore-conformation as in canonical phyto-

chromes. The light-activated form also displays a similar protonated ZZE-geometry

as Pfr; however the electronic structure is altered by an increased hydration of the

chromophore pocket, leading to a blue shift of the first electronic transition and of

the methine bridge stretching modes (Pg state). Water influx is mediated by Trp90 as

predicted by molecular dynamics simulations.

The structural flexibility at the rings A and D as well as hydrogen bonding of the ter-

minal C=O groups control the interplay between photochemical conversion and fluo-

rescence in the Rph2 chromophore binding domain. Alteration of these parameters via

site-directed and random mutagenesis is reflected by marker bands in the RR spectrum.

Thus, RR spectroscopy may guide the design of infrared fluorescent phytochrome vari-

ants for future applications for in-vivo fluorescence microscopy.
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1. Introduction

Sunlight plays a crucial role for bacteria and eukaryotic organisms, either as energy

or information source. In this respect, the distinct spectral ranges are processed for

a variety of functions. Moreover, environmental modifications of the light conditions

have a strong impact in their development. Hence, it is pertinent to sense, react and

eventually adapt to those changes.

On the cellular level, these processes are controlled by a variety of biological pho-

toreceptors. These molecules are composed of a protein matrix and a reaction center,

either a metal complex or an organic cofactor. Among these photoreceptors, phyto-

chromes belong to the class of bilin or open-chain tetrapyrrole proteins [27, 50]. Ubiq-

uitous in plants [34, 173], phytochromes are also found in cyanobacteria [87], bacteria

[43] and fungi [18, 25, 62, 95, 121]. In plants, phytochromes are involved, inter alia,

in germination, flowering, shade avoidance and etiolation [27, 108, 121, 142, 160]. In

bacteria and cyanobacteria phytochromes regulate phototaxis [148], but also the com-

position of the light harvesting complex [67, 70]. Finally, phytochrome is involved in

the sexual development of fungi [18]. Up to date, over 150 different phytochromes and

phytochrome-related proteins have been characterized [149, 155].

The central dogma of the phytochrome family defined the principal reaction as the

photoconversion between a dark adapted red absorbing form (Pr state, e.g. λmax (Pr) =

660 nm) and a physiologically active or signaling far red absorbing form (Pfr state,

e.g. λmax (Pfr) = 730 nm) [117]. This definition became obsolete with the discovery

of further phytochrome-related protein subfamilies: the bathy phytochromes [94] and

the cyanobacteriochromes [89, 153]. Unlike any other photoreceptor family, phyto-

chromes cover a wide spectral range from the near-UV to the near IR [151, 152].

Despite the large differences regarding the distinct absorption properties, protein

sequence and biological function; the most important features are conserved among all

phytochrome proteins. First, all phytochromes contain an open-chain tetrapyrrole as

chromophore. Second, phytochromes can exist in two distinct reversibly photoswitch-

able forms: a dark adapted and a light induced-state, which display distinct absorption

properties. Third, the primary photochemical event, involves a double bond isomeriza-

tion at a methine bridge. Finally, the protein environment of the chromophore pocket

possesses largely conserved motifs. The phytochrome protein structure can be divided

in an input (sensory domain) and a catalytic or output module (e.g. kinase or related

activity) [27].
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1. Introduction

Details on the protein structure and the chromophore geometry are available for

the dark adapted or thermally stable states (generally Pr state). While the phytochrome

binding domain [12, 210, 216] as well as the photosensory domain [7, 33, 49, 214] have

been extensively studied by X-ray crystallography, the complete phytochrome pro-

tein structure, including the output module has not yet been determined [13]. These

structural data [190, 215], however, do not reveal information about the photo-induced

reaction mechanism including the involvement of proton translocations. Here, spectro-

scopic techniques, such as (transient) absorption [23], NMR [157], and vibrational

spectroscopies are required [53, 79, 171, 217]. These methods have substantially

expanded the knowledge about the underlying molecular events and their dynamics.

Among them, vibrational spectroscopic methods are very instructive and reveal

detailed structural information both on the chromophore and the protein. Resonance

Raman (RR) spectroscopy is suitable for selectively probing the vibrational modes

of the chromophore [53, 119, 129]. Complementary cofactor information as well as

protein-structural changes can be elucidated by difference infrared (IR) spectroscopy

[57, 171]. In combination with theoretical methods [130, 159] and backed by 3D struc-

tural data from crystallography [49, 214], vibrational spectroscopy integrates the eluci-

dation of structural details and dynamic processes towards a comprehensive structure-

function understanding of phytochrome proteins [206–208].

Building upon these recent developments, the present thesis was dedicated to con-

tribute to a deeper understanding on the mechanism of the photoinduced processes of

phytochromes, using an integral vibrational spectroscopic approach. Special emphasis

is laid on several key topics that are essential for elucidating the molecular basis of the

photoreceptor function. First, the parent states of several phytochromes were studied

taking advantage of the fact that specifically resonance Raman spectroscopy is sensi-

tive to structural details of the chromophore and its immediate environment that are

beyond the resolution of protein crystallography. These are, for instance, conforma-

tional heterogeneities and proton-dependent equilibria which both may have a strong

impact of the thermal and photochemical reactivity of the chromophore (chaps. 4 and

6). These investigations also aim at identifying those structural parameters that gov-

ern the photophysical properties of the chromophore, such as the relationship between

photochemical conversion and fluorescence and the control of the excitation energies

(chaps. 8 and 7). Second, the photoinduced conversions between the parent states were

investigated for various phytochromes to identify common mechanistic patterns. These

studies also include the analysis of the thermal decay mechanism of the light-induced

state and its relationship with the (de)activation of the output module (chaps. 5 and 6).

20



1. Introduction

 300  400  500  600  700  800

Wavelength/nm

Pr state

Pfr state

Figure 1.1: Absorption spectrum of prototypical phytochrome Cph1 (Cph1∆2 deletion
mutant) in the dark adapted Pr and in the light-induced Pfr state (red).
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2. The phytochrome family

The phytochrome family comprehends nowadays a wide manifold related biliproteins

[149]. Originally found in plants [21, 34], the number of characterized phytochrome-

related proteins has substantially increased, leading to an expanded structural and spec-

troscopic variety [43, 87, 89].

Hence, the general phytochrome concept was redefined considering the following

shared properties. First, all photoreceptor proteins –within the extended phytochrome

family– bind an open chain tetrapyrrole as cofactor and photo-switchable sensor. Sec-

ond, upon light absorption, photo-conversion between a dark adapted and a light-

induced state takes place. In this respect, phytochrome proteins are clustered accord-

ing to their structural and spectroscopic properties. Further categorization based on

the functional diversity is not considered since such classification exceeds the current

spectroscopic approach. In this work, phytochromes are catalogued according to the

following sub-families:

• Canonical phytochromes This is the core group within the phytochrome family,

comprising only the distinct plant phytochromes [24, 27].

• Prototypical phytochromes All other proteins with spectroscopic similarity to

plant phytochromes [87, 112, 143], including photoconversion between the dark

adapted Pr to the far red absorbing Pfr form.

• Non-canonical phytochromes Further related proteins with structural similari-

ties to the canonical and prototypical phytochromes (e.g. protein sequence) but

diverse spectroscopic properties are gathered in this subgroup. These phyto-

chromes are typically found in non-photosynthetic [15] and photosynthetic bac-

teria [67] and fungi [18]. The most prominent non-canonical subfamily refers

to the bathy phytochormes [94, 193]. Unlike prototypical phytochromes, the Pfr

form is the dark adapted parent state [214].

• Cyanobacteriochromes This recently discovered phytochrome subfamily

[220], refers to chromoproteins with highly diverse photochemical properties.

In general, the most common phenotype is addressed to the light-dependent

acclimation in cyanobacteriochromes [149]. Like prototypical phytochromes in

cyanobacteria, the cyanobacteriochromes (CBCRs) attach the same tetrapyrrole

as chromophore precursor [150] (vide infra). However, subsequent chemical

modifications of the bilin moiety or its immediate environment constitute a wide
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2. The phytochrome family

range of bimodal protein sensors with diverse electronic properties covering the

complete UV/visible spectral range (300–700 nm) [89].

Phytochrome central dogma All phytochrome and related proteins are generally

synthesized in the dark adapted form (red light-absorbing Pr form in canonical and

prototypical phytochromes). Subsequent light absorption of the suitable wavelength

hν1 triggers the photochemical interconversion to the active form which is either batho-

or ipsochromically shifted (far red-light absorbing Pfr form). Subsequently the reverse

conversion from the active to the dark adapted phytochrome form is either promoted

by the appropriate light absorption hν2 or through a thermal reaction, thus cancelling

or deactivating the signaling response of the light induced form.

Pdark
hν1−→ Plight  activated phys. response, (2.1)

Plight
hν2−→ Pdark  light deactivation, (2.2)

Plight
∆T
99K Pdark  thermal deactivation. (2.3)

In plant phytochromes the Pfr state is the active or signaling form. Supporting evi-

dence of the canonical central dogma has been gathered for years [27, 37, 64, 168].

Signaling activity for related proteins is still matter of extensive research and due to

its complexity it cannot be addressed in a general way. Yet, the strong dependence of

the light-activated phytochrome form and its signaling function certainly applies for

every phytochrome. A general description of the signal transduction pathways in plant

phytochromes is given below (see section 2.2).

2.1. General phytochrome structural properties

Phytochrome nomenclature Based on the diversity of the phytochrome family and

due to the increased number of recently characterized related photoreceptor proteins,

a universal and consistent nomenclature for proteins within the extended phytochrome

family is still lacking. In the past years, an nomenclature was developed by unifying a

phylogenetic and a biochemical characterization of the phytochrome super family[27].

For the sake of simplicity, yet most importantly to provide continuity to the work of

previous vibrational spectroscopy investigations [73, 102, 118, 183, 184, 189, 205], the

four-letter-code for the phytochrome nomenclature was consecutively implemented.

For example, the notation Pap1 refers to Pseudomonas aeruginosa phytochrome 1

[188]. In the literature this phytochrome is found under the designation PaBphP. In
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2.1 General phytochrome structural properties

this respect, the last letter-code provides a specific notation if more phytochrome pro-

teins are found in the same organism. In case of the cyanobacteriochromes, the exist-

ing nomenclature was modified to fulfill the four-letter-code consens. In some specific

cases, for example, AnPixJ was shortened to ApxJ and TepixJ to TpxJ. Hence, and

unless specified differently, this type of protein nomenclature was generally applied

along the current work.

In addition, a complementary notation allowed the correct identification of mutants.

For example, the deletion mutant of the cyanobacterium phytochrome 1 –lacking the

signaling module, was denoted Cph1∆2. Furthermore, for the proper denomination

of full-length or wildtype species the suffix ‘-WT’ complemented the four-letter code.

For example in case of the wildtype protein of Pap1, it is reffered to Pap1-WT. Specific

suffix notations and exceptions are extensively described in section 3.1.

Protein domains Plant, cyanobacterial, bacterial and further related proteins consist

of a N-terminal photosensory [121] and a C-terminal regulatory or catalytic module

[219]. Some examples of the protein domain arrangement are displayed in fig. 2.1.

The final signal transmission occurs at the C-terminal regulatory module. Here the

phytochrome catalytic activity is given by a histidine-kinase or related domain (HK

or HKRD) [15, 70, 84, 94, 110, 193, 218]. This domain exhibits an ATP dependent

phosphate transferase activity. As already mentioned, the signaling mechanism in plant

phytochromes significantly differs from other organisms.

In general, the N-terminal photosensory module is composed of three domains:

PAS (PER/ARNT/SIM), GAF (derived from “cGMP-specific phosphodiesterase”,

“cyanobacterial Adenylate-cyclase” and “formate hydrogen lyase transcription acti-

vator, FhlA”) and PHY domain (Phytochrome domain). In the literature, the PAS

domain is also denoted as PLD (PAS-like domain). The PER/ARNT/SIM nomen-

clature refers to “period clock protein” (PER), “aromatic hydrocarbon receptor nuclear

translocator” (ARNT) and “single minded protein” (SIM). It has been shown that PAS

and GAF domains possess related protein folding [82].

The full sequence of canonical phytochromes is generally defined as PAS-GAF-

PHY-HKRD construct. Thus, for chromophore attachment only the chromophore bind-

ing domain (CBD) is required. This comprehends solely the lyase-active PAS-GAF

module. In plant phytochromes, the photosensory module includes an additional N-

terminal domain (see fig. 2.1), characterized by its serine-threonine-rich sequence (S/T

or P1 domain) [9, 121]. Bacterial and cyanobacterial proteins lack C-terminal regu-

latory PAS-domains. This protein constructs play a crucial role in plant phytochrome

homodimerization [9]. Nevertheless, there seem to be some exceptions in the bacte-

rial phytochrome subfamily. For example, the full structure of the Rph1 phytochrome

(Rhodopseudomonas palustris phytochrome 1, also known as RpBphP1) presents no
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2. The phytochrome family
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Figure 2.1: Protein structure arrangements in different phytochrome variants. The plant
phytochrome phyA represents the most relevant species and is therefore considered as
reference for further comparisons. The different domains PAS, GAF, PHY, HKRD and
others are shown according to the N- to C-terminal phytochrome sequence. Almost all
phytochrome variants hold only a single chromophore binding site at a conserved cys-
teine residue (either at the PAS or GAF domain). Cyanobacteriochrome proteins might
either bind the chromophore over a second cysteine (TpxJ) [150] or bind more then one
chromophore per single protein (multi-GAF-domain cyanobacteriochromes, e.g. ApxJ)
[89]. In addition to that, cyanobacteriochromes differ from canonical phytochromes at
the C-PAS domain region [149]. The different absorption properties for each protein are
indicated by the coloring in the GAF-domain box. Adapted from ref. [27, 89, 184].
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2.1 General phytochrome structural properties

histidine-kinase activity in the regulatory module [13]. On the other hand, light signal-

ing occurs over a PAS/PAC-HOS (two Helix Output Sensor). Apparently, the existence

of a PAS-sequence in Rph1 might be considered as part of the missing link from the

N-terminal photosensory domain between plant and bacterial phytochromes.

Chromophore attachment in plant and cyanobacterial phytochromes occurs at a con-

served cysteine in GAF domain (phyA and Cph1 in fig. 2.1). In contrast to that, the

covalent bilin assembly in bacterial phytochromes (Agp1 and Pap1) takes place at the

PAS domain [112, 193]. In cyanobacteriochromes the chromopphore attachment also

happens in the GAF domain. Furthermore, the spectral properties of certain cyanobac-

teriochromes, like in TpxJ from Thermosynechococcus elongatus (blue⇋ green pho-

toconversion) are additionally tuned by a second bilin attachment site within the GAF-

sequence [154, 203]. Bipodal chromophore attachment as well as specific bilin-protein

interaction lead to a wide-range of spectral properties solely observed in the cyanobac-

teriochrome family [81, 89, 91, 134, 220].

Despite the wide diversity in the cyanobacteriochrome family, several examples of

red/far-red proteins have been found. Some of them show interesting structural devia-

tions from the protein-domain arrangement in canonical phytochromes. Intramolecular

light signaling in canonical phytochromes is modulated by the PHY-domain [148]. In

contrast, light signaling in the cyanobacterium phytochrome 2 (Cph2) occurs over a

multi-GAF domain arrangement [7, 121]. In addition, Cph2 also lacks the N-terminal

PAS-domain. In agreement with that, the Synechococcus phytochrome B (SypB) also

lacks these canonical protein domains. Yet, in contrast to Chp2, the wildtype SypB

sequence contains the PHY-motif. Here, and alike canonical phytochromes, deletion

of the characteristic phytochrome domain still leads to a photo-active protein. Thus the

far-red-absorbing photoproduct lacks the conserved spectroscopic characteristics of a

canonical Pfr form [39, 179, 204]. Interestingly, the regulatory function in the native

form of Cph2 and SypB is addressed to HKRD domain (see fig. 2.1).

Even with the structural and functional differences among all phytochromes, the

GAF motif is highly conserved and it therefore plays a crucial role in the chromophore

assembly.

Chromophore Like α-phyocyanine and allophycocyanin, phytochrome apoproteins

bind an openchain tetrapyrrole molecule with a highly conjugated π-system [174].

Plant phytochrome assembly phytochromobilin (PΦB) as native chromophore [177],

whereas phycocyanine and cyanobacterial phytochromes assemble phycocyanobilin as

a cofactor [87]. In contrast to cyanobacteria and other photosynthetic organisms [11],

fungi and non-photosynthetic bacteria lack the ferrodoxin-dependent phytobilin syn-

thetase pathways (vide infra). Both are necessary for biliverdin to PΦB [58, 105] or

PCB reduction [59]. However, several phytochrome-related genes in bacteria have
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2. The phytochrome family

Figure 2.2: Structural formula of all chromophore precursors: BV, PΦB and PCB. All
bilin molecules are displayed in the ZZZssa geometry. Differences in the side chain
groups (rings A and D) are indicated in red. Ring nomenclature is given in gray.

been classified. In these organisms, biliverdin IXα was identified as native chro-

mophore for bacterial phytochromes [15].

All three different chromophore precursors display a similar structure, especially

concerning rings B and C and the herein attached propionic side chains. Here the main

difference is found in the double bond character of rings A and D. In addition, ring A

in PΦB and PCB chromophore already contains a chiral center (methyl group at the

C2-position), thus the given stereo-information might be involved in the specificity of

the chromophore photo-isomerization [154].

The diverse tetrapyrrole molecules are degradation products of the oxidative haem

metabolism. Here, BV is the first product, synthesized by enzymatic haem cleavage

at the α-position. The reaction takes place at a ferredoxin-dependent haem oxyge-

nase (HO or HOx) [58, 194]. In cyanobacteria BV is subsequently converted to PCB

by the ferredoxin dependent bilin reductase of the PcyA family. The reduction path-

way follows a four-electron mechanism [59]. Higher plants transform BV to PΦB

over a two-electron reduction pathway. Here, the enzymatic reaction involves a bilin-

reductase-phytochromobilin-synthetase (HY2) [105].

Pyrrole ring nomenclature is indicated in fig. 2.2. The denomination follows in

alphabetic order starting with ring A where the chromophore-protein attachment takes

place. Subsequent rings are denoted B, C and D. In this respect the notation AB , BC

and CD refer to the methine bridge located between the corresponding two adjacent

pyrrole rings. The chromophore geometry is given in respect to the double bound

configuration (Z/E or ger. entgegen/zusammen) and the single bond conformation (a/s

or anti/syn) of each of the three methine bridges. As a result of this notation, the

chromophore geometry can be then adecuately described for each state or intermediate

along the phytochrome photocycle, e.g. in the Pr state normally the chromophore is
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2.1 General phytochrome structural properties

Figure 2.3: Different types of chromophore attachment to the phytochrome-apoprotein.
Left pannel: two distinct thioether linkages. In both cases, attachment occurs via a con-
served cysteine residue at the PAS domain. BV attachment at C3′′ -atom in prototypical
phytochromes leads to an exocyclic double bond rearrangement. Bathy phytochromes
bind BV over endocyclic retention of the ring double bond (left side inset). Here the
conjugated character in ring A prevails. In contrast, plant (PΦB) and cyanobacterial
phytochromes (PCB) bind the chromophore at the C3′ -atom.

found in the ZZZssa geometry, whereas in the Pfr state the cofactor adopts a ZZEssa

structure.

After chromophore assembly, the ring A is chemically altered. These structural

modifications differ depending on the organism and chromophore type (see fig. 2.3).

In general, the bilin-attachment follows a nucleophilic addition reaction pathway. In

case of PCB and PΦB-binding phytochromes, the cysteine-thiol-residue (R-S−) binds

the chromophore at the C3′ -atom. In contrast to that, BV-binding phytochromes dif-

fer in the binding mechanism. In both cases the chromophore attachment occurs at

the C3′′ -atom. In addition, a double bond rearrangement occurs in prototypical BV-

phytochromes leading to a saturated ring A with a sp3-(R)-C2- atom (carrying a methyl

residue) and exocyclic double bond at C3 and C3′ . Chromophore assembly in bathy

phytochromes occurs also at the C3′′ -atom of the BV cofactor, but the double bond in

ring A is conserved.

The elucidation of the proper chromophore attachment in PCB and BV-binding

phytochromes has been strongly supported by the availablitiy of crystal structures

[49, 210, 214, 216]. Yet X-ray radiation damage, certainly compromises the electron-

density interpretation [209], since the thioether linkage is easily degraded after radi-

ation exposure [36]. A combined experimental and theoretical Raman spectro-

scopic approach [159], has strongly contributed not only to the assignment of the

gross chromophore structure, but also provided conclusive information concerning the

chromophore-protein assembly.
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2. The phytochrome family

2.2. Canonical and prototypical phytochromes

In all canonical and prototypical phytochromes, the chromophore adopts a ZZZssa in

the Pr and the ZZEssa geometry in the Pfr state. Furthermore, the cofactor is fully pro-

tonated in both parent states. The model of the plant phytochrome photocycle seems to

satisfactorily describe the light-induced events in prototypical species. In this respect,

a transient proton translocation and a specific protein-folding step play generally a cru-

cial role in the intramolecular signaling between the sensory and signal-transduction

module [33, 190].

Pr chromophore structure The availability of X-ray Pr structures in bacterial

[12, 161, 209, 210, 216], cyanobacterial [7, 49, 115] and plant phytochromes [32] pro-

vided a reliable picture of the cofactor-protein interaction, as well as the general under-

standing of the protein folding situation. The binding pocket in all Pr structures seems

to be largely conserved. Smaller differences refer to the distinct chromophore attach-

ment, ring A hybridization, tilt-angle of ring D and vinyl (ethyl) side chain and ring

B and C propionic side chain orientation. Detailed description of the crystallographic

works can be found in the given references. An insight picture of the chromophore

binding pocket is shown in fig. 2.4. Important features are the pyrrole water, the con-

served residues in the binding pocket and the PHY-domain tongue motif, which seals

the binding domain and has also a relevant function in the signaling pathway.

Unavailability of the Pfr structure The intrinsic lability of the signaling Pfr state in

canonical (prototypical) phytochromes aggravates crystallization. A recent crystallo-

graphic study on the Pr-to-Pfr folding transition in Deinococcus radiodurans phyto-

chrome (Dph1) contributed to the understanding of the primary signaling events, thus

uncovering the relevance of the tongue motif in the PHY domain (vide infra) [33, 190].

The Pfr formation is intimately linked to the β-sheet-to-α-helix transition of the tongue

motif. However the chromophore structure could not be resolved. Thus, the Pfr struc-

ture of the bathy phytochrome from Pseudomonas aeruginosa (Pap1) provides the most

detailed structural picture of the protein and chromophore moiety in that state [214].

The bathy Pfr state is thermally stable, whereas prototypical phytochromes manifest a

Pfr-thermal lability, due to the dark reversion to the initial Pr state (vide infra). Thus, a

fundamental difference in the chromophore-protein interaction between the prototypi-

cal and the bathy Pfr state cannot be ignored. In this respect the structural information

provided by spectroscopic methods plays a crucial role in the elucidation of the canon-

ical Pfr bilin structure and the cofactor-protein interaction. A putative AB methine

bridge E-isomer [197] was initially postulated for the far red absorbing state in the

shortened GAF-only SypB cyanobacteriochrome. However this protein-fragment lacks
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Figure 2.4: Detailed view of the chromophore pocket in the Cph1∆2 Pr crystal structure
(2VEA) [49]. The ZZZssa PCB chromophore structure and the binding site C259 are
displayed in gray. Conserved residues are shown in yellow. Crystal water molecules are
displayed in cyan. In addition, the BV-binding site of bacterial phytochrome is displayed;
however, this residue is naturally mutated to a lysine (K15) in Cph1∆2. Also shown is
the protein structure including the C-terminal S/T (blue), PAS (purple), GAF (green) and
PHY domains (tongue motif shown in transparent red). The figure was generated using
VMD 1.86 and rendered using the TACHYON package (also in fig. 2.6 and 2. 7) [88].

the PHY-domain, which stabilizes the correct Pfr formation. Secondly, the AB-double

bond isomerization is highly unfavourable and very unlikely to occur [179].

In canonical phytochromes, the high flexibility of the chromophore induces a certain

degree of structural heterogeneity for both parent states [98, 100, 136, 159, 185].

Phytochrome photocycle All canonical and prototypical phytochromes convert

from the dark adapted Pr form to the signaling Pfr state [27]. In case of plant phyto-

chromes, this involves also migration from the cytosol to the cell nucleus as a further

step in the signaling cascade [9, 177]. The photocycle comprehends two photo-induced

pathways: the Pr-to-Pfr and back reaction (Pfr-to-Pr). The first step in both directions is

a chromophore photo-isomerization at CD Z/E (E/Z) methine bridge C15=C16 double
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2. The phytochrome family

bond (see fig. 2.3). In the Pr-to-Pfr transition, intermediate states formation is associ-

ated with protein folding events as well as transient chromophore-proton translocation

that precedes the formation of the Pfr state. The back reaction occurs over a different

pathway and intermediate states.

The phytochrome photocycle and the corresponding parent and intermediate states

are described according to the phyA photocycle nomenclature [26, 28, 46, 47, 199].

Photoisomerization from the initial Pr state to Lumi-R takes place via a short-living

excited state (excited state decay in 100-500 fs) within 20-100 ps (fig. 2.5) [100].

Lumi-R is associated with a very low quantum-yield, since the steric constraints at

the conical intersection of the Pr*/Lumi-R* potential surfaces favors the Pr back for-

mation [42]. The Z/E-isomerization leads to a highly tensed chromophore structure

[5, 6]. As expected, larger protein rearrangements are not observed [57]. According

to cryogenic experiments this According to cryogenic experiments this intermediate

species is observed in a wide range between −190 °C and −100 °C [40, 46, 102].

The Lumi-R intermediate subsequently decays thermally to the Meta-Ra species.

The chromophore is found in a more relaxed ZZE-geometry and the pocket partially

adapts to the photo-induced changes of the chromophore. Hence, protein residues

reorient preparing the protein moiety to even larger structural changes. The Meta-Ra

has a longer decay time (ns to µs). In terms of cryogenic trapping, this corresponds

to a temperature range from −100 °C to −60 °C. Prior to the Pfr state formation,

the chromophore is transiently deprotonated in the Meta-Rc state. Thus, loosing its

cationic nature at rings B and C and adopting a more distorted geometry. The protein

moiety experiences long-range folding events. The Meta-Rc lifetime is in the longer

µs and lower ms range. Thermally the Pr-to-Pfr conversion is blocked in the Meta-Rc

intermediate between −40 and −20 °C.

In a similar way as in the Pr-to-Pfr reaction, the E/Z-photoisomerisation in the Pfr-to-

Pr pathway leads to the formation of the Lumi-F intermediate [38], subsequent decay

to the Meta-F also involves mayor residue reorientation as in the Meta-Ra intermediate.

Unlike the forward reaction, a transient deprotonation of the chromophore at the Meta-

F(a) level, has not yet been observed. Characterization of the reverse photoreaction

is technically challenging, therefore it is considerably less explored then the forward

pathway. The Pfr-to-Pr pathway has been studied using different spectroscopic tech-

niques. In addition to the characterization of the absorption properties [98], vibrational

spectroscopy [6, 55, 119] and NMR [156] have achieved considerable progress towards

understanding the structural changes along the reverse pathway.

Photocycle kinetics Similar to the photocycle in plant phytochromes [5, 66, 107],

also in bacterial phytochromes the quantum yield for the Pr→Pfr conversion (0.078 for

Agp1) is considerably higher then for the backreaction Pfr→Pr (0.004) [112, 164]. In
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2.2 Canonical and prototypical phytochromes

contrast to that, the quantum yield for cyanobacterial Cph1 is equal (0.16) in both direc-

tions [195]. Temperature plays a crucial role for the photoinduced Lumi-R (Lumi-F)

formation and the subsequent in Pr→Pfr conversion (Pfr→Pr). From cryogenic trap-

ping experiments, it is known that the forward photoinduced reaction in plant phyto-

chrome is hindered at −140 °C. In other prototypical phytochromes, the conversion

only occurs at temperatures above −100 °C and trapping of the first red intermedi-

ate has not been achieved [56, 102, 145, 205]. Different phytocrhome proteins (Agp1

[23], Cph1 [78, 195, 198], CphA [92], Rph3 [201] and phyA [17, 131]) display com-

parable number of relaxation steps and decay constants after excitation of the Pr state.

For the wild type Agp1 phytochrome the decay steps defined as Lumi-R→Meta-Ra,

Meta-Ra→Meta-Rc, Meta-Rc→Pfr occured with time constants of 230 µs, 3.1 ms and

260 ms, respectively [23]. In plant and Cph1 phytochrome a similiar relaxation profile

during the Pr-to-Pfr conversion was observed [145, 146, 195]. As derived from kinetic

isotope effect for all three relaxation steps, proton transfer takes place during the Pfr

formation [23].

Kinetics of the thermal reversion In addition to the light-induced isomerization

from the signaling state (Pfr state in canonical and prototypical phytochromes and Pr

state in bathy phytochromes) to the dark adapted form, a thermal deactivation path-

way (see fig. 2.5) involves CD methine bridge isomerization via enolization of the

lactam group at ring D (keto-enol or lactam-lactim transition). This pathway has been

postulated [155], however only recently a spectroscopic proof was obtained (see sec-

tion 6.2 or ref. [207]). The thermal reaction occurs on a considerably larger time scale

than the photoinduced process. For the thermal Pr-to-Pfr decay in bathy phytochromes,

time constants may vary from minutes to several hours.

Phytochrome signaling After light sensing via the chromophore, intramolecular

signaling occurs probably via a proton-coupled protein refolding mechanism, thus

activating the C-terminal catalytic module. The phytochrome signaling mechanism

in plants opposes the mechanism in cyanobacteria. Bilin attachment to plant phyto-

chrome inhibits N-terminal Ser/Thr-kinase signaling and red light activates C-terminal

histidine-kinase signaling. Whereas cyanobacterial signaling is first activated by bilin

attachment and interrupted after red light sensing. Signal transduction in bacterial

phytochromes is primitive and comparable to the pathway in cyanobacteria. In all

organisms, C-terminal autophosphorylation is dependent on the homo-dimerization

of phytochrome molecules. Bacterial phytochromes lacking catalytic activity interact

with kinase-related response regulator(s), thus activating the phosphorylation mecha-

nism. Output signals are transferred then from the regulator partner or target cluster.

Plant phytochrome signaling is more sophisticated, involving a still unknown number
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Figure 2.5: Photocycle of canonical and prototypical phytochromes. After absorption of
red light (far red light), the Pr state (Pfr state) undergoes a photoconversion to the Pfr
state (Pr state). Alternatively, the Pfr-to-Pr reaction occurs over a thermal pathway (dark
conversion, dotted line) [60, 155].

of complex steps of downstream signaling components as well as nuclear translocation

events [27].

2.3. Bathy phytochromes

Pfr state and photocycle Unlike canonical phytochromes, the dark adapted state of

bathy phytochromes is the Pfr state [94]. A detailed structural characterization of the

bilin geometry (see ref. [214]) was provided for the Pfr state in Pseudomonas phyto-

chrome (Pap1) bathy phytochrome, as well as for the early photoinduced intermediates

[215]. The chromophore structure in the Pfr state of Pap1 is found to be almost identical

as in Agrobacterium tumefaciens phytochrome 2 (Agp2, see fig. 2.6) [159]. Despite the

distinct chromophore geometry, the Pap1 Pfr structure showed interesting differences

to the canonical Pr structure. First, a strong hydrogen bonding of the chromophore’s

ring D to the aspartate of the conserved DIP motif was found. Second, instead of a
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Figure 2.6: Chromophore pocket of Pap1 bathy phytochrome (3C2W). Most interest-
ing features are the DIP-aspartate interaction with ring D. Color code of the structure
representation followed that of fig. 2.4; in addition, the distinct folding of the tongue
(PHY domain) is highlighted in transparent gray. Residues Q188 and Y203 were solely
observed in Pap1 but not in Cph1∆2. The binding pocket of Agp2 displays a strong
homology to Pap1; however the natural mutations Y185F, Y90F and S275A provide a
more hydrophobic environment for the D ring than in Agp2.

β-sheet, the PHY-tongue exhibits an α-helix. Furthermore the elucidation of the inter-

mediate Lumi-F structures in Pap1 allowed for the understanding of the chromophore

moiety and propionic side chains, as well as reorientation of key residues in the binding

pocket. The main event of the Pfr-to-Lumi-F transition is the E/Z isomerization and the

breakage of the ring D and DIP-aspartate bonding. However, the low- resolution dif-

ference structures of the intermediates are associated with considerable uncertainties.

The Pfr-to-Pr reaction is related to the prototypical pathway since it the Lumi-F, Meta-F

and Pr transitions presumably occur without proton-translocation. The photo-induced

reverse pathway has been studied [221]. However, a detailed structural elucidation is

still not available.

A recent structure of the bathy phytochrome Rhodopseudomonas palustris phyto-

chrome 1 (Rph1), containing a fraction of the signaling domain, was determined, how-
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ever the low resolution of relevant structural motifs impedes a reliable comparison with

any phytochrome structure [13].

2.4. Cyanobacteriochromes

While steadily new cyanobacteriochromes (CBCRs) are discovered and identified

[45, 149], structural details and photochemical properties of these proteins yet remain

unresolved. Most prominent proteins are red/far red, red/green and blue/green CBCRs

(see fig. 2.1). Within the red/green and blue/green proteins, the nature of the parent

state can vary. For example, the dark adapted state of SyCikA is the Pg state containing

a ZZZssa chromophore [134]. The dark adapted state in AnPixJ is the Pr state [132].

However, the chromophore adopts also a ZZZssa geometry [133]. Thus, two largely

similar chromophore structures are associated with different spectroscopic properties.

Here, the chromophore pocket plays is a crucial role tuning the π-electron system of

the chromophore, either via electrostatic interactions or like in the blue/green CBCRs

through additional transient covalent chromophore-protein bonds ([89, 153, 203]). In

this case, different blue/green and green/blue proteins have been identified. Most

prominent is the TePixJ (TpxJ), with a dark adapted Pb-state and a light induced but

thermo-stable Pg state [91].

Pr state structure The structure of the GAF-only cyanobacteriochromes in the Pr

state exhibits the PCB-chromophore in both, the solution NMR structure of SypB

[39, 202] and the X-ray structure of AnPixJ-g2 (ApxJ) [133] in a similar ZZZssa

geometry as in prototypical phytochromes and in Cph2 phytochrome [7]. However,

the SypB Pr structure is highly distorted. Most relevant features of the ApxJ structure

are the shorter GAF domain, lacking the loop region of the eight-knot motif, which is

involved in canonical PAS-GAF domain interaction and other small structural differ-

ences [133]. Furthermore, specific details in the pocket are of relevance for the distinct

bilin-protein interaction. Unlike canonical phytochromes, an aspartate (D291) inter-

acts via its carboxylate side chain with the A, B and C pyrrole rings. This residue

belongs to a cyanobacteriochrome-specific DXCF-motif, equivalent to the prototypical

DIP sequence [150]. In addition to that, a tryptophan and structurally relevant-tyrosine

residues are embedded in the chromophore pocket, controlling the hypsochromic shift

of the ZZE-conformer.

Pg structure The GAF-only structure in the green absorbing state showed a ZZEssa

phycoviolobilin chromophore (AB methylene bridge) with a Pfr-like ring D-aspartate

interaction. However the Pg-pocket differs considerably (see fig. 2.7). The second

cysteine involved in the Pb-state formation, is found within the DXCF-motif.
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Figure 2.7: Chromophore pocket of AnPixJ-g2 (ApxJ, 3W2Z, left) and TePixJ-g (TpxJ,
3VV4, right). Relevant or conserved residues are indicated. Color code of the represen-
tation is specified in fig. 2.4.

Photocycle principle While the photocycle of the red/green CBCRs has been exten-

sively characterized [63, 96, 97, 208], less structural details of the blue/green protein

photocycle are known [76]. However, recent investigations were dedicated to struc-

tural elucidation along the photocycle. In accordance with canonical phytochromes,

the main event involves a Z/E isomerization at CD methine bridge leading to the Lumi-

intermediate. Subsequent relaxation processes involve protein reorientation and tran-

sient chromophore deprotonation. In the case of the blue-shifted CBCRs a second

cysteine might transiently bind the chromophore either at the BC or at AB methine

bridge [90]. This novel step is CBCRs-specific. While proton-translocation plays a

crucial role within the red/green photocycle, it is unclear if such a reaction is found in

other cyanobacteriochromes.
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Figure 2.8: Photoycle model of two non-canonical phytochromes. The forward reac-
tion in bathy phytochromes comprehends Pfr-to-Pr conversion (left). Reverse reaction
occurs either photochemically or over an alternate thermal pathway. Structural details
are available for the first Pfr-to-Pr intermediate (Lumi-F) [98]. In cyanobacteriochromes
(right), the forward reaction includes the following steps: dark adapted state P1→Lumi-1
(Z/E or E/Z isomerization)→Meta-1a→Meta-1b (deprotonation) and finally P2 forma-
tion. Reverse P1-to-P2 state reaction is comparable, albeit not identical. For example,
it is not clear if transient deprotonation is involved (dotted line). In case of blue/green
cyanobacteriochromes, attachment (release) of a second cysteine is also involved in the
forward (reverse) reaction [61].
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3.1. Phytochrome samples

Samples were kindly provided by our numerous collaborators as well as by our skill-

ful technician. A summary of the investigated phytochrome species and its different

variants is given below.

Protein Organism Cofactor Domains

Agp1 Agrobacterium tumefaciens BV PAS-GAF-PHY-HK (WT)
BV PAS-GAF-PHY (M15)

Agp2 Agrobacterium tumefaciens BV PAS-GAF-PHY-HK (WT)
BV PAS-GAF-PHY (M2)

ApxJ Anabaena PCC 7120 PCB GAF2 (GAF)

Cph1 Synechocystis PCB PAS-GAF-PHY (∆2)

CphB Calothrix / Tolypothrix BV PAS-GAF-PHY-HK (WT)

Pap1 Pseudomonas aeruginosa BV PAS-GAF-PHY-HK (WT)

Rph2 Rhodopseudomonas palus-

tris

BV PAS-GAF (PG)

PAS-GAF-PHY (PGP)

SypB Synechococcus PCB C-trunc.-GAF-PHY

TpxJ Thermosynechococcus PVB GAF
elongatus

Xcp1 Xanthomonas campestris BV PAS-GAF-PHY-
PAC

(WT)

Table 3.1: List of investigated phytochrome proteins. Samples with different domain
or sequence length are also included in this table. Specific nomenclature is given in
brackets. All proteins are noted following previous nomenclature definition [184, 205].
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Agp1 All different species of Agrobacterium tumefaciens phytochrome 1 samples

were prepared by Norbert Michael, member of our research group. Heterologous pro-

tein over-expression was performed using an E. coli host system [109, 111, 137]. In the

protein sequence a C-terminal His-tag hexacodon was included which facilitates pro-

tein purification via Ni-NTA affinity chromatography. Further purification and expres-

sion details are given elsewhere [111]. Chromophore (BV) assembly was performed

in-vitro. The covalent bilin binding occurs over cysteine C20 (PAS domain) forming

the classical exocyclic double bond flipping of the chromophore’s ring A [112].

• Agp1-WT is the full length Agp1 protein and contains both the sensory module

(PAS-GAF-PHY), as well as the signal transduction or catalytic domain (HK).

The Agp1 variant (754 amino acids, 84 kDa) dimerizes like other prototypical

phytochromes.

• Agp1-M15 is a deletion mutant which only includes the N-terminal PAS-GAF-

PHY construct (504 amino acids, 56.00 kDa), also known as photosensory mod-

ule. Like the wild type, this deletion mutant also forms dimers in solution [138].

• Agp1-FMR phytochrome is basically an M15N9-Variant, in which the first

9 N-terminal residues are deleted. It contains 3 point surfaces mutations

(F289A, M295A and R296S) which hinder dimerization [138] and reduce sur-

face entropy, thus making it suitable for crystallization [161, 162]. The spectro-

scopic features are nevertheless equal to the M15 species.

Additionally, a Agp1-FMR adduct with isotopic labelled 13C10-BV chromophore was

assembled. The 13C-bilin was synthesized [116] in the group of Wolfgang Gärtner

(MPI CEC Mülheim).

Agp2 Samples of the bathy phytochrome Agp2 were provided by Norbert Michael

(TU Berlin) and Isabel Molina (Lamparter Lab, KIT). The latter ones were solely used

for pH titration of the Pr state [221] (see also fig. D.15). In general, protein expres-

sion and purification are in line with the standard Agp1 protocol [139, 161]. Like

Agp1 and other bacterial phytochromes, Agp2-phytochrome binds also BV as a native

chromophore. The covalent bilin attachment occurs at the C20 residue (PAS domain).

Thus, unlike prototypical phytochromes, the chromophore attachment occurs at the

C3”-position (see fig. 2.3) leading to an endocyclic double bond (further details are

given in section 2.2).

• Agp2-M1 or wildtype Agp2 (WT) is the full-length species (856 amino acids,

94.77 kDa), containing the N-terminal PAS-GAF-PHY domains as well as the

kinase module (HK).

• Agp2-M2 is the fully photo-active sensory module of Agp2 (PAS-GAF-PHY,

507 amino acids, 56.84 kDA), lacking the transmitter or kinase module.
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3.1 Phytochrome samples

Furthermore, a fully 13C isotopically labelled Agp2 apoprotein was expressed. For

this purpose, cell grow was induced by adding 13C6-glucose (99%, Cambridge Isotope

Laboratories) instead of the natural abundant (n. a.) compound. The 13C-labelled

holoprotein contained a non-labelled BV chromophore.

ApxJ Cyanobacteriochrome AnPixJ constitutes a multi GAF phytochrome related

photoreceptor. Within this work only the GAF2-only red/green absorbing phyto-

chrome [132, 133] was investigated (22.75 kDA, 198 amino acids, PDB: 3W2Z).

ApxJ-GAF2 binds PCB covalently at the C122 position (C321 in the full length pro-

tein). The GAF2-only cyanobacteriochrome was kindly provided by Rei Narikawa

(University of Tokyo) and prepared in the laboratories of Wolfgang Gärtner (MPI Mül-

heim CEC) [208].

Cph1 Samples of Cph1 were expressed, and purified by Jo Maillet or Christina Lange

in the group of Jon Hughes (University of Gießen). The Cph1∆2 variant is a C-terminal

deletion mutant lacking the histidine kinase domain (514 amino acids, 59.00 kDa,

PDB: 2VEA) [49]. This recombinant prototypical phytochrome found in Synechocys-

tis sp. PCC6803 [93] binds PCB as native chromophore at the C259 position (GAF

domain). Photochemical and spectral properties of the wildtype and the ∆2-mutant are

comparable [86, 87]. In general, the in-vivo and in-vitro assembled Cph1∆ holoprotein

displayed equivalent spectroscopic properties in the Pr state [205].

• Cph1∆2-H60Q mutant was used to probe the direct chromophore-interaction

role of the highly conserved histidine 260 [74]. Via site-directed mutagenesis

this residue was replaced by an glutamine, thus changing the pKA in the chro-

mophore pocket.

For specific vibrational assignment experiments, a 13C5-PCB labelled chromophore

was assembled to the Cph1∆2-variant (courtesy of Wolfgang Gärtner’s Group, MPI

CEC Mülheim).

CphB In the cyanobacterium Calothrix PCC 7601, two phytochrome proteins were

identified CphA and CphB [85]. While CphA shows reasonable homology to Cph1,

CphB (764 amino acids, 87 kDa) has the unique property of assembling BV as native

chromophore at the C24 position (PAS domain) [143]. Wildtype CphB also shows

a prototypical domain structure (PAS-GAF-PHY-HK). Like Agp1, CphB was also

assembled with isotopic labelled 13C10-BV chromophore. Both CphB containing the

n. a. and the isotopically labelled chromophore were kindly provided by Wolfgang

Gärtner.
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Pap1 The second bathy phytochrome investigated in this work was the full-length

holoprotein of Pseudomonas aeruginosa [188] (728 amino acids, 80.1 kDa), also

known as PaBphP [10, 35, 211]. The native chromophore, BV, is covalently attached

via the C12 residue (PAS domain). Pap1 shows equivalent spectral properties as its

Agp2 analogue. Apoprotein expression was performed heterolougsly. The purifica-

tion process is described elsewhere [193]. Holoprotein assembly was performed in-

vitro by addition of the native BV chromophore or via apoprotein incubation with the

BphO(PigA)·BV complex [211].

• BV IXδ (BVδ ) Despite the lower BVδ affinity (non-native chromophore),

the formation of a photoactive holoprotein was clearly achieved [211]. Spec-

tral properties are similar to native Pap1 containing the chromophore (BV or

BVIXα). Further purification steps were performed following the standard pro-

tocol. The chromophore nomenclature (α or δ ) refers to the methine-bridge

position were the heme ring is cleaved [59] and subsequent pyrrole oxidative

addition occurs (see fig. D.11). In case of Pseudomonas aeruginosa selective

δ -opening is achieved by an unusual heme orientation in the (heme) oxygenase

reaction center [35].

Rph2 This phytochrome, also known as RpBphP2, was found in Rhodopseudomonas

palustris, along with two other phytochromes P1 and P3 (Rph1 and Rph3) [67]. Recent

investigations demonstrated the existence of further R. palustris phytochromes (Rph4

to Rph6) [68, 69]. This photoreceptor regulates the light harvesting complex (LHC)

expression of the photosynthetic organism [70]. Like other prototypical phytochromes,

Rph2 binds BV as a native chromophore, adopting the expected exocyclic double bond

rearrangement at ring A. The binding site of Rph2 is located at the C15 position (PAS

domain). Recombinant Rph2 phytochrome variants were heterologously expressed in

E. coli. Within the expression vector a Haem-oxygenase encoding gene was inserted

[13, 70], therefore the BV assembly could be easily achieved in-vivo. Unlike other

bacterial phytochromes, the coexpression of BV in E. coli lead to a extremely good

SAR-values (APr,max/A280) of 1.7 to 2.4. All Rph2 sampels were expressed and puri-

fied by Thomas Hildebrandt or Nesliah Tavraz in the group of Thomas Friedrich (TU

Berlin). The following Rph2 variants were investigated:

• Rph2-PGP: contains only the photosensory module (501 amino acids, 55

kDa), consistent with other PAS-GAF-PHY variants of several canonical phyto-

chromes, all spectroscopic properties are equal to those of the full-length protein

[206].

• Rph2-PG is the deletion mutant (316 amino acids, 37 kDa) containing only

the chromophore binding domain (CBD). Both domains (PAS and GAF) are
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3.1 Phytochrome samples

suficient for chromophore assembly. Compared to the PGP variant, the Pr state

shows largely the same absorption properties, yet Pfr-formation is considerably

altered due to the lack of the PHY domain.

• Rph2-iRFP is an optimized infrared fluorescent mutant (iRFP-mutant). In this

variant a set of 13 single-point mutations (S13L, A92T, V104I, V114I, E161K,

Y193K, F198Y, D202T, I203V, Y258F, A283V, K288T and N290Y) was gener-

ated and optimized via random mutagenesis screening [52]. This Rph2 variant

is completely photo-inactive. Despite a 10 nm blue shift of the Pr absorption

maximum, spectroscopic properties are comparable to the Pr state in the PGP

and PG variants [52].

SypB Within the genome of the thermophilic cyanobacterium Synechococcus OS-

B’ the SypB-Cph1 sequence (SypB) was identified [4, 14]. The protein structure

of this cyanobacteriochrome lacks the PAS domain. In recent years similar systems

have been characterized, i.e. SypA (cyanobacterial phytochrome found in Synechococ-

cus OS-A and Cph2 from Synechocystis) [213]. Within the cyanobacteriochromes,

this phytochrome-related species show general spectroscopic similarities to its canon-

ical analogues. SypB was heterolougsly expressed in E. coli. Heme oxygenase and

biliverdin reductase (BVR) were coexpressed with the SypB apoprotein, to allow the

controlled in-vivo assembly of the native PCB chromophore [65]. The SypB apophy-

tochrome binds the chromophore covalently at position C138. Within this work only a

C-terminal truncated GAF-PHY protein [184, 204], containing a Y142F mutation was

investigated. Unlike to the native species, the Pfr formation in the mutant is only possi-

ble at temperatures above 40 °C (data not shown). SypB-samples were kindly provided

by Andrew Ulijasz (Richard D. Viestra group, University of Wisconsin-Madison).

TpxJ The cyanobacteriochrome sample from Thermosynechococcus elongatus were

provided also by Andrew Ulijasz. TpxJ belongs to the same phytochrome-related fam-

ily as ApxJ and SypB [89, 91, 153]. The investigated TpxJ variant was expressed as a

GAF-only protein (165 aa, 19.0 kDa). PCB is assembled as native chromophore and

is subsequently reduced to PVB [48, 90]. The first binding site is located at C522

(C259 in Cph1), whereas the second cysteine is found at position C494 [203]. Het-

erologous protein expression was performed under the same protocol as SypB. Chro-

mophore assembly was also achieved prior protein-cell extraction. Within this work

the native GAF-only domain was investigated, along with a C494A mutant. Further-

more a specifically 13C-labelled chromophore was synthesized via addition of 5-13C-

α-aminolevulinic acid (ALA) to the minimal expression medium [147]. Hereby a

4,5,9,10,11,15,19-13C labelled PCB chromophore was obtained and subsequently in-

vivo assembled and modified to the native PVB cofactor.
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Xcp1 The bacterial phytochrome from Xanthomonas campestris was provided by

Hernán Bonomi (Fernando Goldbaum group, Instituto Leloir Fundación, Buenos

Aires) (640 aa, 71.2 kDa). The Xcp1 phytochrome belongs to the bathy phytochrome

family. The dark adapted Pfr state shows strongly similar absorption properties as Pap1

and Agp2 phytochromes (see fig. D.20). While the photo-sensory domain of Xcp1 is

generally reminiscent to the two bathy phytochromes, the catalytic domain lacks the

autophosphorylation activity. In this respect, strong similarities were found to the PAS

signaling domain of Rph1 [12]. Here, signaling probably occurs via direct interaction

with the receptor proteins without any autophosphorylation process involved. Prelimi-

nary X-ray data of the full-length protein are already available [101].

3.2. Sample preparation and handling

Phytochrome sample preparation as well as all the subsequent steps prior and dur-

ing spectroscopic measurements were performed generally under save green light

(LED λmax = 515-530, ∆λ = 20 nm). In case of the cyanobacteriochromes TpxJ

and ApxJ (only during the investigation of the green absorbing state and the subse-

quently formed G-intermediates) sample handling was performed under red light (LED

λmax = 660, ∆λ = 20 nm).

Buffers Generally, phytochrome samples were prepared in a TS50 buffer (H2O, 50

mM TRIS-Cl, 300 mM NaCl, 5 mM EDTA, pH = 7.8). For pH series a stronger buffer

capacity was needed, therefore the TRIS-Cl concentration was increased to 100 mM

(TS100 buffer). The investigated pH range was restricted to values within pH = 6.0

and pH = 10.0. For each investigated pH-value a specific buffer solution was prepared.

Adjustment of the pH value was achieved either with 2 M HCl or with 2 M NaOH

solution (D2O buffer, 2 M DCl or 2 M NaOD). Determination of the pH value was

performed with pH-ISE-meter (Denver Instruments, Model 225), equipped with the

suitable pH-electrode. Prior to pH-measurements, the electrode was calibrated with

4.01, 7.00 and 10.01 pH-standard solutions (Merck). H2O solutions were prepared

with purest Millipore water. For the isotopic H/D-exchange of the pyrrole nitrogen

protons (N-H groups) and protein exchangeable protons, buffer solutions (either TS50

or TS100) were prepared using 99.95% D2O (Deutero GmbH) instead. Standard H/D

exchange was achieved using a TS50 solution with a pD-value of 7.8 (pH = 7.4) [106].

Concentration Protein samples were dialyzed and concentrated using Millipore

Microcon (YMC 30000 or 10000) filters. Sample concentration was increased via cen-

trifugation (Eppendorf cetrifuge 5424 R) at 20000g (14500 rpm). Each centrifugation
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step took between 10 and 30 minutes –depending on the sample viscosity. Gener-

ally, the final sample concentration was approx. 500 µM or 33 mg/ml. Initial and final

protein concentration was determined via UV/VIS measurements by analyzing the pro-

tein absorption OD280, as well as the SAR-value (vide infra). Starting from a 500 µl

diluted protein solution, the final volume was approx. 20 µl. In contrast to previous

works [184, 205], the reduction of the final protein concentration was the key for the

detection of the low temperature intermediates (see section 5.3).

Buffer exchange Either for H/D exchange or for a pH-series, the concentrated pro-

tein solution had to be dialyzed to the desired pH value. The sample was then diluted

with the required buffer solution again up to 500 µl. Subsequently the concentration

was increased after a centrifuge cycle. For the pH series, the buffer exchange was

performed stepwise, thus changing the pH-value in ∆pH = ±0.5 at each centrifugation

step. After reaching the desired pH-value, the sample was then washed three times

with the corresponding buffer solution. With this gradual buffer exchange procedure,

denaturation process could be ruled out. Furthermore the reversibility of the method

was inspected by bringing the sample back to the original pH value. The vibrational

spectra before and after the variation of the pH value or buffer exchange were iden-

tical (see chapter 4). In case of the H/D exchange of the protonable groups in the

protein and especially of the chromophore pyrrole nitrogens, the following procedure

was employed. The concentrated protein sample was dialyzed with an 10:1 excess

of D2O-buffer. The dialysis and centrifugation steps were repeated at least four times.

After the final D2O-dilution, the protein solution was concentrated again up to 500 µM.

In general, H/D-exchange of all four protonable N-H groups in the chromophore was

achieved. The only exception were the bathy phytochromes in the dark adapted Pfr

state. Detailed description of the isotopic labelling of the chromophore in Agp2, Pap1

and Xcp1 is given in section 6.

3.3. Absorption Measurements

All absorption measurements were performed at room temperature using a Cary 50

Bio-Spectrometer operated with Agilent-Cary Software. Protein solutions were mea-

sured in a UV quartz cuvette with a total volume of 500 µl (Blaubrand QS 1.000).

Concentrated samples were diluted to an OD < 2, corresponding to a protein concen-

tration of 2 to 3 µM.

UV/VIS protocol Absorption spectra were recorded between 200 and 900 nm (1 nm

resolution). First, standard baseline correction was performed by measuring the pure

buffer solution as blank and the zero-transmission (blocked beam path). Generally,
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the UV/VIS measurements served as reference for testing the light exposure condi-

tions in preparation to the RR (IR) measurements (vide infra). Furthermore, UV/VIS

experiments gave also a first hint about the parent state (e.g. Pr-to-Pfr) photoconver-

sion efficiency. In addition, thermal decay as well as stability of the room temperature

species after light exposure were also tested by analyzing the changes in the recorded

absorption spectrum. Moreover, UV/VIS measurements allowed probing the quality

of the holoprotein sample by the evaluation of the SAR-value of the corresponding

sample. This experimental reference is defined as the ratio of the chromophore absorp-

tion maximum in the pure dark adapted state (Q-band) and the protein absorption at

280 nm.

Kinetic measurements were performed by monitoring the intensity evolution at a

defined wavelength as a function of time. For example, the thermal decay of the labile

Pr-state to the dark adapted Pfr-state in bathy phytochromes was detected at the max-

imum Pfr-absorption (751–757 nm) with a time resolution of 125 ms or lower. Prior

to the measurement, the sample absorption was normalized to zero. After a thermal

equilibration period of 10–20 s, far red irradiation (780-785 nm) of the sample fol-

lowed in a time window of 20 s. Extension of the irradiation period did not improve

the photochemical equilibrium. To avoid overlapping of the absorption signal with

the irradiation light, kinetic detection was interrupted during the exposure time. After

irradiation, the signal decayed to the lowest value (negative), whereas during the sub-

sequent recovery period the signal increased and eventually converged to zero (Pfr

state recovery). The thermal decay (or recovery) was followed until the detected light

reached values around the normalized zero-absorption. Kinetic data were analyzed

using OCTAVE or the ORIGIN7 software package or higher (OriginLab, Northampton,

MA). Each decay curve could be successfully simulated using an exponential decay

function of the second order (see figures in appendix D).

3.4. Theory of vibrational spectroscopy

Molecular vibrations can be excited in two different ways, by absorption of a photon

with the suitable energy or via inelastic scattering of the incident light [77]. A non-

linear (linear) molecule with an N number of atoms has 3N degrees of freedom. Apart

from translational motion and rotation, 3N−6 (3N−5) degrees of freedom correspond

to the number of normal vibrations in a molecule. A single normal mode is defined as

the motion in which all atoms in a molecule oscillate with the same frequency, but with

different amplitude [212].
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Figure 3.1: Energy-level-diagram: vibrational absorption and scattering processes.
Adapted for this current work from ref. [72].

3.4.1. Quantum mechanical treatment of the Raman effect

Raman Scattering In IR absorption spectroscopy a single-photon transition due to

interaction with polychromatic radiation is observed (see fig. 3.1). This process

requires a transition of the molecular dipolmoment µ with respect to the normal coor-

dinates Qk,

IIR ∝

(

∂ µ

∂Qk

)2

. (3.1)

On the other hand, the Raman effect is based on a scattering process [113, 144, 163].

The different light scattering processes are presented in fig. 3.1. During the interaction

between electromagnetic radiation and molecules most of the photons are scattered in

an elastic manner, such that during this event no energy exchange has taken place. This

process is known as Rayleigh scattering. A small fraction of the incident light quanta

exchanges energy with the interacting molecules, originating a vibronic transition. In

this case, the scattered photon has lower (Stokes) or higher (anti-Stokes) energy than

the incident light. The hereby induced energy difference has the absolute value of

h∆ν , whereas ∆ν is given in wavenumbers (cm−1) and represents the experimentally

measured Raman-Shift. Within this work the quantum mechanical description of the

Raman effect is restricted to the Stokes Raman scattering process [41, 172, 184].

A molecular electric dipole moment µind is induced through the interaction with the

electric field E of the incident electromagnetic wave,

µind = αE. (3.2)
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The intensity of the scattered radiation is then proportional to the square of the induced

dipole moment and therefore

Iscattered ∝ (µind)
2 = (αE)2 , (3.3)

whereas α represents the molecular polarizability tensor in all three dimensions,

α =







αxx αxy αxz

αyx αyy αyz

αzx αzy αzz






. (3.4)

This can be extended as Taylor series with respect to the normal coordinates Qk.

α = α0 +
3N−6

∑
k=1

(

∂α

∂Qk

)

0

Qk+ ..., (3.5)

the term α0 represents the predominant contribution of the Rayleigh scattering. Due to

the first order terms, a considerable Raman intensity IRaman for a specific vibrational

mode is then observed when the polarizability α along the normal coordinate experi-

ence a variation, thus

IRaman ∝

((

∂α

∂Qk

)

0
Qk

)2

. (3.6)

Within the transition from the initial |i〉 to a final vibrational state | f 〉, the transition

dipolmoment [α]fi is defined as

[α]fi = 〈i|α| f 〉. (3.7)

The Raman intensity is then derived from

〈

i

∣

∣

∣

∣

(

∂α

∂Qk

)

0
Qk

∣

∣

∣

∣

f

〉

∝

(

∂α

∂Qk

)

0
δi±1, f , (3.8)

with δi, f as the notation for the Kronecker-Delta (videlicet only 1 if i= f ±1).

The matrix elements from the polarizability transition
[

αρ ,σ
]

fi (ρ,σ = x,y,z) are

derived from the Kramers-Heisenberg-Dirac equation based on second order perturba-

tion theory [41, 141],

[

αρ ,σ
]

fi =
2π

h
∑
r

(

〈

f
∣

∣µρ

∣

∣ r
〉

〈r |µσ | i〉
(νr −νi)−ν0 + iΓr

+
〈f |µσ | r〉

〈

r
∣

∣µρ

∣

∣ i
〉

(νr −νi)+ν0 + iΓr

)

. (3.9)

Here µρ (with: ρ = x,y,z) stands for the component of the dipole moment operator

in the ρ-directon and ν0 is defined as the exciting source frequency. Summation occurs
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over the vibrational states |νr〉 from all intermediate states |r〉. The damping factor Γr
is a function of the life time of the state |r〉.

Resonance enhancement In the Resonance Raman effect, the excitation frequency

ν0 lies close to an electronic transition (νr − νi). Here the summation over all other

electronic transitions and the second sum term on the right side of equation 3.9 can be

neglected.

The vibronic wave functions |i〉, |r〉 and | f 〉 of the vibronic states |νi〉, |νr〉 and

|ν f 〉 with the eigenfrequencies νi, νr and ν f can be dissected. On the basis of the

Born-Oppenheimer approximation, it is possible to separate the electron wave func-

tions (with |g〉 referring to the ground state and |e〉 to the excited state):

|i〉 = |g〉|νi〉, (3.10)

|r〉 = |e〉|νr〉, (3.11)

| f 〉 = |g〉|ν f 〉. (3.12)

Accordingly, the transition dipole moment from equation 3.9 can be represented as

〈

f
∣

∣µρ

∣

∣ r
〉

=
〈

νf

∣

∣〈g|µρ |e〉
∣

∣νr
〉

=
〈

νf

∣

∣Mρ

∣

∣νr
〉

, (3.13)

〈r |µσ | i〉 = 〈νr |〈e|µσ |g〉|νi〉= 〈νr |Mσ |νi〉 , (3.14)

with the pure electronic transition dipole moments

Mρ = 〈g|µρ |e〉, (3.15)

Mσ = 〈e|µσ |g〉. (3.16)

If the transition dipole moments are developed in a Taylor series (Herzberg-Teller equa-

tion),

M (Q) =M0 +
3N−6

∑
k=1

(

∂M

∂Qk

)

0
Qk+ ..., (3.17)

with the subsequent insertion of equations 3.13, 3.16 und 3.17 into equation 3.9, the

following equation is obtained

[

αρ ,σ
]

fi = A+B+ .... (3.18)

with the so-called Albrecht-A- and B-terms defined as [2, 3, 172, 192],

A = M0ρM0σ ∑
νe

〈ν f |νr〉〈νr|νi〉
(νr −νi)−ν0 + iΓr

, (3.19)
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B = M0ρ

(

∂Mσ

∂Qk

)

0
∑
νe

〈ν f |νr〉〈νr|Qk|νi〉
(νr −νi)−ν0 + iΓr

+

(

∂Mρ

∂Qk

)

0

M0σ ∑
νe

〈ν f |Qk|νr〉〈νr|νi〉
(νr −νi)−ν0 + iΓr

, (3.20)

whereas the summation over the vibrational states occurs only for the resonant elec-

tronic state. Based on the symmetry properties of the electronic transitions and the

normal modes, selection rules for the A- and B- term scattering can be obtained. This

is only true for symmetric molecules. However, the phytochrome cofactor lacks any

essential symmetry, therefore symmetry selection rules cannot be applied to this sys-

tem. Instead, the individual terms of eqn. 3.19 and eqn. 3.20 have to be considered. If

the resonance transition and overlap integrals 〈ν f |νr〉 and 〈νr|νi〉 (Frank-Condon fac-

tors) are different from zero, the contribution of the A-term increases. This is the case

for vibrational modes, which experience coordinate alterations during the electronic

transition. If 〈ν f |Qk|νr〉 and 〈νr|Qk|νi〉 are unequal to zero, resonance enhancement

over the B-term occurs. Such a scenario is observed if the resonant state couples to an

other electronic state via a vibrational mode Qk. Within this work, the selected reso-

nance conditions lead to an enhancement of the Raman intensity based on both terms

[118].

Investigation of tetrapyrroles under pre-resonance conditions with the first excited

state shows comparable relative band intensities to measurements under rigorous res-

onance [5, 53, 184]. Interestingly, the calculated non-resonant band intensities are in

good agreement with the experimental results obtained with an 1064 nm excitation

[124]. Recent investigations on the Cph2 phytochrome performed under 785 nm exci-

tation showed no considerable discrepancies with the previously described methods

[7].

Furthermore, measurements under Soret resonance conditions (second excited state)

showed that the overall spectral features are conserved [51, 83, 184] and in general

agreement with the calculated Raman intensities. Nevertheless, some interesting dif-

ferences were observed [184].

3.4.2. FT-Resonance Raman Spectroscopy

Fourier Transform Spectroscopy In each spectroscopic method to obtain a spec-

trum, the electromagnetic radiation is decomposed. The detected radiation can be

understood as a superposition of a vast number of even waves with different frequen-

cies. Spectral decomposition can be achieved over different techniques.

The most common technique in the field of Raman spectroscopy are the dispersive

spectrometers. In this case, light dissection occurs via grating (e.g. monochromator,
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Figure 3.2: FT-RR-Spectroscopy: In this figure the main range of a recorded interfer-
ogram from the Pr state of the Agp1 phytochrome can be observed. At the top right
side, the whole range FT-spectrum is plotted (0–3500 cm−1). Relevant chromophore
bands are solely observed within the range of 400 to 1800 cm−1. Between 3000 and
3500 cm−1, O-H stretching modes of the H2O molecules are observed. In addition, two
different regions of the interferogram are displayed. At the bottom (right) the interfero-
gram center and maximum. At the left top side of the figure a random datapoint region,
far from the maximum is displayed. This figure was kindly provided by Dr. David von
Stetten [184].

spectrograph). The radiation components are spatially decomposed. Hence the spec-

trum is recorded and obtained directly. Unlike the dispersive Raman method, in FT-IR

and FT-Raman spectrometers the electromagnetic radiation is detected as an interfero-

gram which is digitally converted from the real into the frequency space (k-space) via

the Fourier transformation (see fig. 3.2).

Light or amplitude intensity I (x) is detected as a function of the position of the mov-

able mirror ∆x. The detected signal can be enhanced or weakened due to constructive

or destructive interference of the different frequencies ν . The interference depends

on the mirror position difference 2∆x. The recorded interogramm I (x) and its cor-
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Figure 3.3: Michelson Interferometer: schematic representation from the optical path
(from ref. [184]).

responding spectral deconvolution B(ν) can be converted into each other via Fourier

transformation:

I (x) =

+∞
∫

−∞

B(ν)cos(2πνx)dν, (3.21)

B(ν) =

+∞
∫

−∞

I (x)cos (2πνx)dx. (3.22)

The integral in eqn. 3.22 considers an endless motion of the moveable mirror and

therefore infinite ∆x data points. In the present spectrometer setup the mirror distance

is restricted only to some centimeters. To avoid artifacts due to the mirror motion

restrictions within the interferometer, the interferogram is multiplied with an apodiza-

tion function prior to the Fourier transformation. The bandshape in the spectrum B(ν)

depends directly on the apodization function. Within this work, all RR spectra were
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3.4 Theory of vibrational spectroscopy

transformed using a triangular apodization function. In case of the IR spectra the stan-

dard Blackman-Harris function was applied.

The advantages of the FT spectroscopy are:

• Multiplex (Fledgett): In spectroscopy the detected signal can be separated in

two components, the optical signal and the background noise. Within the FT

method the contribution of the latter one is distributed over the whole spectral

range. In contrast to that, the overall noise contributes to each data point using

an dispersive spectrometer. The signal-to-noise ratio increases linearly with
√
N,

whereas N represents the number of resolutions elements. For example, within

a spectral range of 2000 cm−1 with a resolution of 4 cm−1 the N value is 500.

Hence, signal to noise ratio is then 22 [172]. The measuring time is dramatically

reduced if one considers the fact that in the FT method the whole spectral range

is simultaneously recorded.

• Jaquinot-advantage: For a good spectral resolution with dispersive devices a

slit is mandatory. However, the number of detected photons is then considerably

reduced. In case of FT spectroscopy, a collimator aperture is used instead of

a slit to focus the incident light into the interferometer. The selected aperture

diameter can be extended in a way that the light losses are considerably reduced.

This is only possible in the FT spectroscopy, since the overall intensity of all

frequencies is simultaneously detected.

• Connes-advantage: The mirror positon and thereby the accuracy of each data

point is permanently monitored over the interferogram of the HeNe laser. This

allows a highly precise definition of the absolute wavenumbers. Additional cal-

ibration procedure is then not necessary.

3.4.3. FT-Raman Spectrometer Setup

FT spectrometer All RR spectra were recorded in a FT-Raman spectrometer RFS

100/S (Bruker GmbH) [29]. Excitation was performed with an cw diode-pumped

Nd:YAG laser (DPY 301 II0.50 EM, Coherent). The maximal laser power was 1.2 W

(original specification 1.5 W) at 1064 nm with a line width of <1 cm−1. Light collec-

tion occured in backscattering geometry (180° angle orientation of incident and scat-

tered light). Elastic scattered Rayleigh light was mainly eliminated with a notch filter

prior entering the interferometer. Remaining inelastically scattered light was detected

with a liquid nitrogen cooled germanium element. Digitalized data was further pro-

cessed in a PC equipped with the suitable software package (vide infra).

Rock-solid-Interferometer Instead of a Michelson interferometer, the RFS 100/S

spectrometer is equipped with a Rocksolid™ variant. This system allows a precise
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adjustment in the increase and decrease of the optical pathway via rocking over the

rotation axis to the interconnected corner cube mirrors. This setup is barely sensitive

against angle tilting of the moving mirror. Furthermore the spectromer is almost per-

manently alligned and is not affected by external thermal effects. One disadvantage

of the Rock-solid setup is the introduction of additional reflections within the optical

pathway. Like in the Michelson interferometer, the position of the moveable mirror is

also determined as a multiple of the helium neon laser frequency [29].

Confocal Raman measurements For single crystal measurements the

RAMANSCOPE III™-setup was used [31]. The Bruker system is based on an OLYM-

PUS confocal microscope, which is coupled with the RFS 100/S spectrometer via a

double optical fiber system. The first one conducts the exciting laser into the micro-

scope (∅ = 50 µm) and the second one collects the back scattered light into the

spectrometer. Prior to entering the second optic fiber, the Rayleigh line is blocked

via a cutoff filter (see fig. A.2). The advantages of the FT spectroscopy are partially

lost in the Ramanscope, due to the introduction of the confocal pathway (Jaquinot

advantage, vide supra). Nevertheless, due to the strongly focused incident light and

the accurate positioning of the laser spot, measuring of single phytochrome crystals

could be easily achieved. Unlike previous experiments [185] buffer contribution could

be overcome (see section D), due to the strong focusing on the crystal area. Further

setup and performance details can be found in the appendix A [31].

Data analysis Data analysis was performed using the OPUS 5.5 software or higher.

Prior to the Fourier transformation the software-package performed several operations

which were mandatory (e.g. discrimination of bad interferogram scans). The recorded

interferogram was multiplied with a trigonal apodization function and with a zero fill-

ing factor of two. If necessary, background signal and background scattering in the

recorded spectra were corrected manually with a polynomial function. White light

correction was not necessary. Further spectra evaluation is described in section 3.7.

3.5. FT-Resonance Raman measuring protocol

The experimental FT-RR protocol and setup were adapted from previous works [73,

102, 118, 184, 205]. Specific details of non-standard experiments are indicated in the

results section. Recorded spectra were calibrated with a toluene standard. Systematic

frequency shift of the overall spectrum (<3 cm−1) compared to previous investigations

was observed [102, 184].
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3.5 FT-Resonance Raman measuring protocol

Cryostat All RR measurements, including also sRR measurements (vide infra) were

performed using a Resultec/Linkam cryostat. Temperature control is achieved via

active liquid nitrogen cooling and compensated with a heating wire, thus allowing

rapid temperature stabilization as well as fast cooling and heating. Due to the very thin

quartz window, which isolates the sample from the surrounding, significant absorp-

tion or reflection of the incident as well as the scatter light can be discarded. The

sample was placed in an aluminum holder (maximal sample volume of 7 µl). After

that it was brought to measuring temperature. Generally, standard measurements were

performed at −140 °C. In case of the bathy phytochromes, measurements were per-

formed at −190 °C, thus allowing a better comparison between FT-RR and sRR mea-

surements (data not shown). In addition, this measuring temperature, also allowed

a more accurate determination of the initial Pfr-photoproduct in bathy phytochromes

and its corresponding temperature profile (data not shown). It has been assumed that

room temperature spectra show negligible differences with the corresponding spectra

recorded at low temperatures [183, 184, 205, 206]. Current investigations on the Pfr

state in prototypical bacterial phytochromes showed that this assumption has a clear

exception [159].

Light exposure Depending on the investigated phytochrome system and its absorp-

tion properties, different light conditions were selected. A detailed description for the

room temperature sample irradiation procedures follows:

• BV binding phytochromes: the Pr-to-Pfr conversion was induced by red light

exposure over 2 minutes (LED 660 nm). For the light induced back reaction, the

sample in the Pfr state was irradiated only for 10 seconds with a 785 nm laser

LED or with an 780 nm LED array.

• PCB binding phytochromes: here the same protocol was used as in the BV-

phytochromes. Only for the Pfr-to-Pr conversion a 730 nm cut-off filter and

white light source (altenatively a 750 nm laser diode array) were used.

• ApxJ: the Pg-formation was achieved with the conventional red light exposure

(vide supra). Light induced conversion to the Pr-state was achieved by irradia-

tion over two minutes at RT with green light (LED 530 nm).

• TpxJ: here, conversion between the Pb and Pg state was achieved by light expo-

sure (2 min.) of blue light (Pb-to-Pg, 430 nm inference filter) or green light

(Pg-to-Pg, 530 nm LED).

Accumulation of the intermediate species was achieved by light exposure at the cor-

responding irradiation temperature with the suitable light source (measurements of

intermediate spectra see below). According with the applied steady-state conditions,
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irradiation time was then incremented to 10 minutes reaching the photostationary equi-

librium at every irradiation temperature.

FT-RR measuring protocol For each measurement about 5 to 7 µl of the protein

solution were necessary. The selected low probing temperatures (−140 or −190 °C)

prevent any undesired thermal conversion during RR spectra accumulation.

The 1064 nm laser power was set to 780 mW. Laser power was measured with a

COHERENT powermeter (FieldMax-II with PM100-19C sensor). To monitor possi-

ble laser induced damages, samples were measured several times and over long time

periods. Despite the strong laser power, no changes in the sample spectra could be

detected, even after a series of spectra. The spectral resolution of the spectrometer was

set to 4 cm−1. Selection of a higher resolution (2 cm−1), increased only the accu-

mulation time, without a considerable increase of the spectral quality. For a single

spectrum, generally 2000 interferometer scans were averaged prior the Fourier trans-

formation. Each scan was recorded in about 2 seconds. In total, recording of a single

spectrum took 1-2 hours.

Using RR spectroscopy differences between two distinct states can be adressed more

accurately then with other methods like absorption spectroscopy. Most of the Raman

bands can be used as a fingerprint for the chromophore structure in a specific state.The

recorded RR spectrum contains mainly contributions of the chromophore vibrations,

whereas protein bands exhibit only minor contributions to the overall spectrum. The

most characteristic protein bands are the amide-I, CH2-methlyen and phenylalanine

(phenyl ring vibration) modes.

The first electronic transition in open chain tetrapyrroles is observed in the range

of 660–750 nm. In this respect, the 1064 nm excitation laser is capable of enhancing

vibrational modes in this molecule. In contrast to rigorous and Soret enhancement,

this method provides the advantage of overcoming fluorescence and most importantly

it does not induce any undesired photochemical processes (data not shown).

An example of irradiation and measuring protocol is given for the cryogenic trapping

of the Pr-to-Pfr intermediate species of Agp1 (see fig. 3.4). For the investigation of the

completementary reaction pathway in bathy phytochromes, similar conditions were

applied, using the far red light source for the cryogenic accumulation of possible Pfr-

to-Pr intermediates.

Experimental challenges of the FT measurements Here is a list of the experimen-

tal difficulties that had to be overcome during FT-RR experiments:

• Sample concentration: we tried to reduced the sample concentration from

3 mM (20% protein weight), which was commonly used in previous works, to

a lower value. This would give us the advantage to avoid protein aggregation of
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Figure 3.4: Schematic representation of each step during the cryogenic trapping of inter-
mediate species along the Pr-to-Pfr conversion of Agp1-FMR. Left: exposure time and
irradiation wavelength. In the central column the irradiation temperatures are shown.
Right: the nomenclature for each recorded spectrum is given in the boxes. Spectra of
low temperature irradiation conditions are shorted as “IntR”. For example the IntR1 and
IntR2 spectra refer to the irradiation temperatures of -140 °C and -120 °C respectively.

more delicate phytochrome samples. Yet the most important reason was to allow

a better detection of photo-induced intermediates. The use of a defined protein

concentration also permits a quantitative analysis of the phytochrome RR spec-

tra. This was important for pH titration or intermediate species identification.

The reduction of the protein concentration was then compensated with longer

measuring periods.
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• Photochemical quantum yield: In most cases the quantum yield of the phyto-

chromes is below < 20%. Overlapping of the Q-band of both parent states leads

to a photo stationary equilibrium. Therefore, the spectra of a pure state have to

be generated via spectral subtraction. Two complex examples are presented in

section 4.1 (Cph1) and section 5.3 (Agp1). In general, pure Pfr or Pr spectra

could be easily generated. In contrast to canonical phytochromes, pure parent

state extraction was easier in cyanobacteriochromes. Specially in ApxJ, where

the Q-band maximum of both parent states is separated for more than 100 nm.

Hence, complete population of one or the other state can be easily photochemi-

cally induced.

• Photo-induced back-reaction: The photochemical process of thermally unsta-

ble parent states (e.g. in case of the canonical phytochromes the Pfr state) occurs

already at the detection temperatures (−190 and −140 °C). During the spectra

analysis a putative overlap of the parent state species with the contribution of

the intermediate states had to be taken into consideration. However in general,

intermediate contribution was relatively low at measuring temperatures.

• Buffer: The Raman intensity of the O-H (O-D) stretching vibration of H2O and

D2O is very strong. The frequency of this modes is observed at consider-

ably higher values (2500-3300 cm−1), far beyond from the region where chro-

mophore bands are expected. Generally, the components of TRIS buffer show

negligible contribution to the overall Raman spectrum. Only strong Raman scat-

terers like DMSO or glycerol might show overlapping peaks with chromophore

bands. In those cases the buffer contribution had to be subtracted from the over-

all spectrum.

• Free chromophore: in case of the in vitro assembled phytochromes, residual

free chromophore molecules cannot always be fully separated from the holopro-

teins, even after SEC purification. The spectral contribution might obscure band

assignment of the correctly assembled chromophore.

• Fluorescence: this can be overcome by the appropriate baseline subtraction.

The origin of this fluorescence is generally associated with the presence of free

chromophore. While this represents a minor challenge for the FT measurements,

it is one of the mayor obstacles while measuring in full resonance (vide infra).

• Low SAR values: excess of apoprotein can be estimated via the SAR-value (see

section 3.3). In principle, the spectral contribution of the apoprotein is low and

can be corrected via subtraction of the pure apoprotein component spectrum. In

some specific cases where the SAR value is considerably low, the intensity of

apoprotein component spectrum might increase and become comparable to that

of the chromophore peaks. Here, an unambiguous structural elucidation of the

chromophore can compromised.
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• Sample holder: No detectable signal of the aluminum sample holder as well as

the quartz window were observed.

• Room light: the construction of the spectrometer shields it from the incident

room light. Only the sample chamber and cryostat holder are potentially light

exposed. For that and also for sample protection, all measurements were per-

formed in the dark or at reduced light conditions (save green or red light).

Determination of the minimal detectable concentration Systematic investigation

and determination of the minimal detectable phytochrome concentration with the FT-

RR method represented a crucial issue, for the investigation of protein samples which

cannot be measured at high concentrations. Furthermore, sample availablitiy in case

of isotopic labelled chromophores or specific mutants is generally restricted. For this

purpose, Cph1 phytochrome solutions at 50.0, 20.0, 10.0, 7.5, 5.0. 2.0 and 1.0 mg/ml

were measured with FT-RR spectroscopy. This corresponds to a molarity of 850 µM,

340 µM, 170 µM, 127 µM, 85 µM, 34 µM and 17 µM respectively. Apart from the

50.0 and 20.0 mg/ml solutions, the absorption spectra of the Cph1-samples were also

recorded (1.000 QS Blaubrand cuvette, 0.2 cm pathlength). Respective RR spectra are

shown in appendix A (see fig. A.3 and fig. A.4).

According to RR measurements of the Pr state, only Cph1∆2 samples with a con-

centration above 10.0 mg/ml (170 µM) showed unambiguous chromophore bands. The

contribution of the buffer was of the same intensity scale. Solely referring to the marker

bands of the Pr spectra shown in fig. A.3, a minimal detectable concentration could be

determined at 5.0 mg/ml (85 µM). Although this value strictly refers to the Pr state of

Cph1∆2, it can be used as general reference. In this respect, an acceptable holo-protein

sample concentration for RR experiments lies between 500 – 600 µM.

3.6. Soret-Resonance Raman (sRR) setup and measuring

protocol

sRR measurements were performed according to the same protocol as the FT-RR mea-

surements. In this way direct comparison was granted. The specific details of this

method as well as the experimental difficulties are given below.

sRR Spectrometer Setup Raman spectra was recorded using a confocal Raman

microscope (HR-800, JOBIN YVON). Spectra were measured with the 413 nm laser

line of a cw Kr+ laser (Innova 300, COHERENT). The scattered light was collected

in a 180° geometry through an lwd-objective (OLYMPUS 20X, NA 0.35) into the

microscope-setup (OLYMPUS BX 40). Light detection was performed with a nitro-

gen cooled CCD-camera. Elastic scattering and laser plasma lines were eliminated
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by means of a notch filter or an interference filter. The spectrometer operation was

controlled by the LabSpec-Software (v4.07, Dilor-Jobin Yvon-Spex). For calibration

a standard mercury lamp was used. Spectral resolution was beneath 2 cm−1. Further

details of the setup are given elsewhere [114]. Performance of the spectrometer before

and after every measurement was evaluated by measuring the position and intensity of

the Si-Line at 520 cm−1 at 1.00mW (Olympus 50x).

sRR measuring protocol Phytochrome samples were measured at −190 °C (Resul-

tec/Linkam cryostat) using the same protocol as for the FT-RR measurements (see

section 3.5), with modifications according to the specific setup. Accumulation time for

each spectrum was 200 s. Each sRR spectrum is composed of four overlapping spec-

tral windows (∆ν = 350 – 400cm−1, with an overlapping region of ∆∆ν = 50cm−1).

For each spectral window, the detection time was 50 – 100 seconds. Sample irradia-

tion protocol was the same as for FT-RR measurements. The four overlapping spec-

tral windows were combined and subsequently base-line corrected using the LabSpec-

Software tools (polynomial baseline subtraction). Further data analysis was performed

using OPUS and OCTAVE routines used for the FT-RR spectra.

Experimental difficulties Measurements under Soret-resonance conditions turned

out to be more challenging then FT-RR measurements:

• Restricted application: spectra with reasonable quality could only be obtained

for BV-binding phytochromes (Agp1 and Agp2) due to good overlap of the

Soret-band (approx. λBV−phyt. = 410 nm) with the excitation wavelength

(413 nm). All attempts to measure sRR spectra of other phytochromes, like

Cph1, which binds PCB as a chromophore, failed due to the reduced enhance-

ment combined with stronger background fluorescent. The Soret band of PCB-

binding phytochromes is blue shifted (λPCB−phyt. = 370 nm), hence the selection

of a different excitation wavelength could overcome the lack of sRR band inten-

sity. In this respect, experiments with an 351 nm excitation wavelength were per-

formed. However, the results were not promising, probably due to chromophore

bleaching.

• Fluorescence: contribution of background fluorescence to the phytochrome

spectra was rather high. Here, the origin of the fluorescence was attributed

to traces of unbound bilin molecules, which probably were reduced to an uro-

bilin, loosing the double bond character at one methine bridge (presumably BC

bridge). Bilirubins have a strong soret band and are highly fluorescent [50].

• Photochemistry: unlike to the rather poor overlap of the NIR exciting wave-

length, where no photochemical isomerization could not be excluded, e.g. in

case of the measurements of Agp2.
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• Apoprotein and buffer: in contrast to the FT-RR measurements, the sRR spec-

tra solely contain chromophore bands. An estimation of the concentration or the

chromophore-protein ratio can not be directly extracted from the measured spec-

tra. The only indicator to evaluate the spectral quality is the relative SNR-value.

Here the background fluorescence strongly contributes to the overall noise-level.

3.7. RR spectra subtraction and fitting procedure

RR spectra were analyzed by first generating a pure spectral species, which subse-

quently was investigated by a band fitting procedure. Generally, the fitting proce-

dure was restricted to the C=C stretching (1500–1770 cm−1) or HOOP region (600–

900 cm−1). A general description of the specific nature of these characteristic vibra-

tional frequency regions is given in section 3.9. Finally, the raw spectra were globally

analyzed using the generated synthetic component spectra to determine the concentra-

tion of the contributing species. This procedure was applied to analyze the cryogeni-

cally trapped photo-induced reaction products, pH dependent transitions of the parent

states as well as thermal relaxation process (examples shown in sections 4.1 and 5.3).

3.7.1. Subtraction procedure

To rationalize the composition of the recorded phytochrome RR spectra and its changes

during a photo-induced reaction or other processes, the recorded spectra had to be dis-

sected in its different components. The subtraction procedure was carried out using

the OPUS software package. Assuming that each raw spectrum Qexp can be repre-

sented as the linear superposition of a minimal amount of components Ci with variable

concentrations or group factors qi

Qexp = ∑
i

qi ·Ci, (3.23)

approximate pure species were generated out of the raw spectra by mutual subtraction.

The quality of these “pure” spectrum was determined by its bandshape profiles, in

which the presence of spectral artifacts (negative or very sharp peaks) in the whole

range (600–1770 cm−1) was considered as a failed try. The subtraction process was

repeated in an iterative manner until a minimal number of pure spectra for a complete

data set could be generated.

Subtraction procedure for photo-induced processes In principle, the parent state

raw spectra have very little or no contributions of the intermediate components. Thus,

the subtraction procedure for these, was restricted to two possible phytochrome com-

ponents (Pr and Pfr). In addition, the contribution of the apoprotein and buffer was
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considered. This spectrum was measured from a pure Agp1M15 apoprotein spectrum.

In general, Raman spectra of globular proteins without any cofactors give very similar

band patterns, which fortunately do not significantly (see fig. C.4).

Unlike the relatively simple extraction of the pure parent state species, determination

of the spectra of a pure intermediate species was a challenging task, specifically if that

species involved a neutral, weakly scattering chromophore. In that case, interference

with the apoprotein spectrum was quite severe. Hence, the noise levels are higher

then for other intermediates and the parent states. This could be solved, by identifying

marker bands and analyzing their H/D sensitivity. These subtraction marker bands

allow unambiguous identification due to the negligible overlap with peaks due to other

spectral components.

To this purpose, apart from both marker regions (C=C stretching and HOOP spec-

tral windows) the entire spectral range was inspected in detail. Certain intermediate

band features could then be unambiguously detected in the rather complex band pat-

tern between 1000 and 1500 cm−1. These features provided a reliable reference for

spectra subtraction. For example, in the Lumi-R species, a strong band envelope was

unambiguously observed at approx. 1300 cm−1 (see fig. 5.6). Due to the similar Pr-to-

Pfr photoconversion of plant phytochrome and Agp1, the corresponding intermediate

analysis could be then reduced to a minimum number of six components: two par-

ent states (Pr and Pfr), three intermediates (Lumi-R, Meta-Ra and Meta-Rc) and an

apoprotein species which included the buffer background.

pH titration To carry out a global component analysis based on the pH dependent

transition of the Pr state of Cph1∆2 (see chapter 4.4), certain considerations were

included in the subtraction protocol. In this sense, a three component system for the

Pr state was taken as model (without protein contribution), two cationic species and

a neutral Pr species, coupled via two reversible processes. Another example was the

investigation of the RT far red light photoproduct of Agp2, presumably the Pr state (see

fig. 4.12). Despite the contribution of the Pfr state as well as the residual apoprotein

contribution, the recorded spectra could be then separated in an apparently cationic Pr

form and a Pr species deprotonated at the pyrrole nitrogens of rings B and C.

Thermal and kinetic analysis Thermal processes play a crucial role in the phyto-

chrome photocycle [155]. Low temperature thermal processes were mainly investi-

gated in the Pfr-to-Pr reaction pathway of Agp2. Here, an adequate subtraction pro-

cedure was implemented to extract thermal intermediates with apparently low spectral

contributions (see section 6).
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3.7.2. Component Analysis

Band analysis allows an accurate comparison of the relevant vibrational bands observed

in the RR spectrum of a pure component with the calculated vibrational frequencies.

Furthermore, single band analysis is very useful for determining precise isotopic shifts.

The global analysis of different components and its contribution to the recorded spectra

strongly support the evaluation of temperature or pH profiles.

Single Component Fitting A band fitting analysis of a pure spectrum was per-

formed, assuming that every RR spectrum can be interpreteted as the sum of a defined

number of Lorentz bands. In addition, the remaining background contribution can

be approximated by a linear function. Single-component analysis and global fitting

was investigated in the range of 1380 – 1770 cm−1 and 600 – 900 cm−1. Fit proce-

dures were applied in an OCTAVE-based home-made program [44, 135]. A good fit

was achieved only when the minimal number of applied Lorentzian components could

reproduce the experimental spectrum. Based on QM and QM/MM calculations, as well

as isotopic labelling experiments, the starting parameters were defined. Furthermore

experimental band positions were determined via the 2nd derivate of the pure species.

Initial band half-width value was set to 12 cm−1. Numeric optimization of the band

frequencies, intensities and half-widths were repeated until reaching a minimum resid-

ual difference between recorded and fitted species. For the apoprotein component a

mixture of Gaussian and Lorentzian bands were included in the fit procedure. In this

case, the aim of the fit procedure was solely to reproduce the experimental spectrum,

whereas, the fitting parameters did not provide any relevant structural details of the

apoprotein.

Global component analysis The component spectra were used in total to simulate

the experimental RR spectra. The fit procedure optimized the specific group factor of

every component, as well as the linear baseline. As a result, the relative concentration

of each species can be used to elucidate the component behavior of a certain process.

pKa value Determination Deprotonation/protonation reactions during a pH titration

were determined using the following procedure. In case of a two-state equilibrium,

relative spectral contributions of the two species (Ip and Id) as determined from the

component analysis, are proportional to the relative concentrations (cp, cd) according

to

cp = fp · Ip (3.24)
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cd = fd · Id , (3.25)

where fp and fd are factors proportional to the reciprocal SCR values (see section

3.9.2). The relative concentrations were normalized according to

1 = fp · Ip + fd · Id = cp + cd . (3.26)

Subsequently, the Henderson-Hasselbalch equation adopts the form

pH = pKa + log

(

cd
cp

)

= pKa,app + log

(

Id
Ip

)

, (3.27)

where pKa,app is given by

pKa,app = pKa + log

(

fd

fp

)

. (3.28)

The ratio fd/ fp is approximated by the reciprocal intensity ratio of the strongest cofac-

tor bands relatively to the Phe band at 1004 cm−1 (as an internal standard). Further

details are given in sections 4.1 and chapter 6) and in the references [195, 221].

3.8. FT-IR setup and measuring protocol

Infrared difference spectra were recorded in a BRUKER TENSOR 27™ or in a

BRUKER IFS-28™ spectrometer. Polychromatic infrared radiation was emitted by

a globar and subsequently focused on the sample after passing through the interfer-

ometer. The IR signal was recorded at a with liquid nitrogen cooled MCT detector.

In principle, the FT-IR spectrometer setup is comparable to the FT-RR system (see

subsection 3.4.3), especially concerning the interferometer arrangement. Alike the FT-

RR measurements, the IR spectrometer was operated with the OPUS 5.5 or higher

software package. Irradiation conditions were in agreement with the resonance Raman

protocol. However, unlike the FT-RR conditions, sample light exposure was performed

during IR spectra accumulation.

Bio-ATR setup and protocol Measurements of TpxJ cyanobacteriocrhome were per-

formed using a BIOATRII™ sample cell [30]. Typical sample volumes were 20 µL.

Protein concentration was around 1-2 mM. Samples were prepared in 50 mM TRIS

buffer. Each single spectrum was generated from 200 interferometer scans (i.e., about

90 s). Sample illumination was manually alternated between blue and green light typi-

cally after 5 recorded spectra. Subsequently, difference spectra from 10-15 blue/green

illumination cycles were generated and co-added without further background correc-

tion. IR measurements in the ATR-cell [71] allowed direct and easy sample irradiation.
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3.8 FT-IR setup and measuring protocol

Light exposure in the 660 – 780 nm range had a strong thermal effect on the ATR crys-

tal (Zn/Se). Subsequently, strong background deviations in the IR difference spectra

were detected. In addition, sample drying, vapor diffusion (especially in D2O experi-

ments) and the requirement of large protein samples amounts represented experimental

complications. In this respect, further IR measurements were performed in a conven-

tional transmission cell (vide infra).

Transmission setup and measuring protocol Infrared measurements of phyto-

chromes other then TpxJ were performed using the transmission method. Up to 10 µL

of a protein sample at a concentration of 500 µM were deposited on a CaF2 window

with a 2 µm deepening. The sample was homogenously distributed over the whole

surface within the deepening. Excess water was removed with a N2 gas flow. The

hydrated sample film was then sealed with a plain CaF2 window. To avoid further

sample dehydration, additional isolation of the sample was provided by a thin layer of

silicone grease between both windows. The CaF2 sandwich was placed in a suitable

window holder [57, 170].

IR samples were measured at RT. The following procedure was optimized and auto-

matically processed via an OPUS macro script. Here, the irradiation protocol was con-

trolled via the TTL switchboard. For that purpose, two BNC switches connect the LED

controller with the TTL board. Schematic representation of the LED arrays is given in

the appendix (see fig. A.7). The first and second irradiation procedure were assigned

to the BNC connectors denoted BIT0 and BIT1. The selected irradiation sources were

in resonance with the absorption maximum of the respective parent state. For example

in case of a canonical phytochrome, the Pr state was irradiated with 670 nm and the Pfr

state with 780 nm (in agreement with the RR irradiation protocol of subsection 3.4.3).

The first irradiation, which involved the photoinduced transition from the dark adapted

species (Pr state) to the second parent state (Pfr state), was induced via the BIT0 LED

array (e. g. 670 nm). Backreaction occured after BIT0-signal interruption, followed by

irradiation via the BIT1 array (e.g. 780 nm). The complete irradiation procedure was

divided in the following steps:

• Directly after optimum sample positioning (sample surface perpendicular to the

IR beam path, see fig. A.7), a SC spectrum was recorded as reference for further

atmospheric compensation (400 single interferometer scans).

• Passive temperature stabilization was achieved after 3 – 4 h. This was monitored

by measuring the SC spectra (200 scans per single spectrum) and calculating the

absorbance (ABS) spectrum.

• After the stabilization, the first irradiation procedure was employed. This step

involved irradiation of the dark state. The photochemical equilibrium or full
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conversion to the light induced state was achieved within the accumulation of the

first spectrum (200 scans). Thus, to avoid an incomplete photochemical reaction,

two or three additional spectra under BIT0-LED irradiation were performed. In

no case, the resulting difference spectra displayed any further photo-induced

reaction.

• Subsequently, the second irradiation procedure was performed (BIT1-LED).

• After the bidirectional photoconversion an additional thermal relaxation period

was included. This process was monitored by spectra accumulation (20 – 25

single spectra or 1 h).

• The irradiation procedure (including the dark relaxation period) was repeated

3 to 4 times. If needed, the resulting difference spectra were then averaged to

improve the SNR value.

FT-IR spectra analysis After spectra accumulation, atmospheric compensation was

performed for each spectrum of the irradiation procedure using the OPUS software

package. Subsequently, the difference spectrum was calculated using the ABS spec-

trum prior to irradiation as reference and subtracting it from the ABS spectrum after

the first irradiation. Here, the ABS spectrum is defined as

ABS = log10

(

In

I0

)

(3.29)

whereas I0 refers to the first SC spectrum recorded prior the thermal stabilization and

n = 1 corresponds to the SC spectrum before the irradiation process. Thus, n = 2

denotes the SC spectrum after irradiaton leading to

ABS1 = log10

(

I1

I0

)

(3.30)

ABS2 = log10

(

I2

I0

)

and (3.31)

IRdi f f = ABS2 − ABS1 (3.32)

Subsequent background correction of the IRdi f f spectrum was performed manually

using a polynomial function. In the IRdi f f spectrum, negative bands correspond to

vibrational modes of the reference (I1), whereas positive bands refer to vibrational

modes of the photoproduct (I2) (see section 3.9).

FT-IR experimental difficulties Infrared measurements of biological samples

encounter difficulties ohter than RR measurements [172].
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• Water and sample concentration Due to the overlap of the i. p. deformation

mode of the H2O molecules with the amide I and amide II vibrational modes,

protein sample concentration had to be considerably increased without avoiding

any protein drying or saturating absorption in the IR spectrum. Under this con-

ditions, it is difficult to control parameters like the pH value or the ionic strength.

• Water vapor Ambient H2O vapor affects the IR measurements. Thus, sample

chamber as well as spectrometer has to be either evacuated or purged with dry

air or water-free N2. Any modifications in the sample chamber or sample reposi-

tioning led to an additional purging period (2 − 4 h). Thereby, IR measurements

are considerably more time demanding then the FT-RR experiments.

• H/D exchange As in the RR experiments, isotopic exchange allows assignment

of chromophore bands. Additionally, also H/D sensitivity of protein vibrations

can be investigated. All observed changes are then unambiguously related to

the photochemical reaction. A satisfactory buffer exchange process might take

several hours, and requires Many (H/D) buffer exchange steps (see section 3.2).

Furthermore, during the sample deposition in the CaF2 window hydration of the

sample is very likely to happen. The exposition to ambient vapor leads to the

detection of strong H2O bands in the SC spectrum and therefore an unwanted

D/H re-exchange cannot be excluded.

3.9. Interpretation of phytochrome vibrational spectra

The FT-RR spectrum of phytochromes is primarily composed of Raman active bands

of the chromophore. Here, the protein matrix provides only a small contribution to

the overall spectrum. This is particularly true for phytochromes absorbing within the

red/far-red regime (630-750 nm). In case of the cyanobacteriochromes, the resonance

enhancement is considerably lowered do to the blue shifted absorption maxima (430-

540 nm). However, chromophore bands have still higher intensity than those of the pro-

tein [203, 208]. Phytochrome spectra measured under Soret-resonance (λ0 = 413 nm)

conditions only contain chromophore vibrational modes [51, 184]. Despite the differ-

ent excitation wavelength, band intensity profiles in sRR spectra show similarities to

spectra recorded under Q-Band pre-resonance conditions (λ0 = 1064 nm). In both cases

the strongest bands are addressed to the C=C stretching modes of the methine bridges.

Due to the lack of symmetry of the chromophore, there is little difference between the

Raman activity of vibrations excited under resonance with the first or second electronic

transition state.

Furthermore, the preresonantly enhanced FT-RR spectra display essentially the same

vibrational band pattern and relative band intensities as the RR spectra obtained in

rigorous resonance with the first electronic transition [54, 79]. Thus, the RR spectra of
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these chromophores can be described by QM calculations of Raman intensities [123,

128].

However, QM calculations do not necessarily predict the correct frequencies due to

the neglect of the influence of the protein matrix on the chromophore structure. Only

recently, the availability of phytochrome crystal structures and the development of the

hybrid QM/MM-method improved the accuracy of the spectra computation. However

the outcome strongly depends on the resolution and quality of the employed structure

[125, 130]. Characteristic Raman active bands are the C=C stretching of the CD, AB

and BC methine bridges. The protonation state of the chromophore can be unambigu-

ously identified by the N-H i.p. vibration of ring B and C. Finally, the HOOP vibra-

tional mode of the CD methine bridge, represents also a very characteristic Raman-

active chromophore mode, specially for the Pfr state [53, 54, 79].

In the case of the IR-difference spectra, light induced structural rearrangements in

the protein and the chromophore contribute to the difference signals. Nevertheless,

chromophore band assignment has been successfully achieved due to selective as well

as global isotopic labelling of the chromophore moiety [55, 196]. Characteristic IR-

bands of chromophore are C=O stretching modes of ring A and D, since these prominet

peaks are found with high intensity and at frequencies were little protein contribution

is observed. An other characteristic chromophore band is the highly IR-active C=C

stretching mode of the BC methine bridge. Even though this band has been found and

predicted in a region where amide I and amide II modes might compromise the inter-

pretation, recent 13C-labelling of this methine bridge (C10), allowed an unambiguous

assignment [159] (see also section 5.2).

3.9.1. Figure notation

All figures containing vibrational spectra were generated using the OCTAVE and

the GNUPLOT software package. Further graphical modifications were created with

XFIG 3.2 [176] or INKSCAPE 0.47 [1].

Experimental RR and IR spectra Unless explicitly noted, the different spectra are

coded as follows:

• black spectrum refers to the main species, e.g. wildtype or unlabelled sample,

• red spectrum corresponds to a spectrum recorded in D2O,

• blue spectrum denotes a spectrum of a 13C-labelled chromophore or protein

sample measured in H2O,

• green spectrum refers to a spectrum of a 13C-sample measured in D2O, and

• gray spectrum corresponds to the buffer or apoprotein spectrum.
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All spectra were normalized to the highest band within the whole chromophore spectral

range. Generally, the strongest band is found in the marker region (1500 – 1700 cm−1).

In some specific cases, the strongest chromophore band was located within the region

of 600 to 900 cm−1 (only Pfr state).

Notation for the vibrational mode composition in each spectrum is shortened as

follows:

• A, B, C or D refers to modes localized in the corresponding pyrrole ring,

• AB, BC or CD indicates C=C stretching modes of the methine bridges,

• ip terms all in-plane vibrational modes,

• OOP denotes the general description for out-of-plane bending vibrations, and

• HOOP indicates solely OOP vibrations involving C-H groups of the methine

bridge modes.

Further vibrations, which are individually observed in specific phytochrome measure-

ments are defined either in the figure caption or in the text.

Fitted RR spectra In addition to the standard notation [184], resulting fitted pure

species spectra and its components are coded as follows:

• the experimental spectrum is colored in black,

• corresponding fitted species is represented in solid red

• with each single Lorentzian (Gaussian) bands spectrum plotted in gray.

3.9.2. RR spectral regions

The region between 400 to 1800 cm−1 of a phytochrome RR spectrum contains the

most important modes of the tetrapyrrole chromophore. Within the different sub-

regions or chromophore spectral windows, different information can be obtained (see

fig. 3.5). This is the result of the numerous studies of protein-bounded tetrapyrroles

and model compounds. In this respect, the most important chromophore marker bands

could be identified in combination with isotopic labelling of the chromophore and the

Raman-spectra calculations [125, 129].

1500 – 1700 cm−1 This range is also known as the chromophore marker region.

Based on the frequencies and intensities of the C=C stretching modes of the

methine bridges, the most relevant information concerning the chromophore

gross geometry can be obtained. These modes are found in the range between

1590 and 1640 cm−1. The protonation state of ring B and C nitrogens is reflected

via a very characteristic spectral feature found also in this region. It can be
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specifically distinguished if all four pyrrole nitrogens are carrying a proton or

not. In the first case, the chromophore is postively charged (cationic bilin not

regarding the propionic side chains). Fully protonated chromophores show a

peak in the range from 1545 up to 1590 cm−1, addressed to the N-H in plane

bending vibration of rings B and C. This mode can be experimentally assigned

via its H/D-isotopic sensitivity [79]. The corresponding N-D peak is found

between 1050 and 1080 cm−1. This assignment was corroborated with an 15N

labelling of the pyrrole nitrogens [130]. Spectral contributions of vibrational

modes addressed to the side chains of the chromophore are rather small. Accord-

ing to QM and QM/MM calculations, only modes with a very defined and rather

simple internal coordinates contributions are present in this region [123]. The

strongest band of the whole bilin spectrum is generally due to the C=C stretching

vibration of the CD methine bridge. In the other hand, double bond stretching

vibration of the BC bridge (fully protonated chromophore) shows very low RR

activity but this mode is highly IR active (vide infra).

1000 – 1500 cm−1 In this spectral range, further in plane bending vibrations of the

chromophore can be found. It has been shown that the mode composition in this

range is rather complex [184]. Hence, a precise band anlysis in this region is gen-

erally compromised. In addition to that, in plane bending modes of the protein

backbone (amide III) are expected in the spectral window of 1230 – 1300 cm−1.

Chromophore bands in this region show low to medium RR activity. Therefore

overlap with the protein contribution is quite likely to occur. At 1004 cm−1 the

symmetric ring breathing vibrational mode of the phenylalanine (Phe) residue

is located. The intensity of this band gives a reliable reference to determine the

relative RR scattering cross section of the chromophore within different states

or intermediates (see chapter 6). Moreover, it reflects the contribution of the

protein matrix to the overall spectrum. Only recently, specific isotopic labelling

allowed the identification of specific modes within this region. In addition to the

previously mentioned ip bending modes, the pyrrole C-N stretching contribution

to different vibrational modes could be unambiguously assigned (see chapter 6).

600 – 1000 cm−1 Torsions and out-of-plane modes (OOP) can be found in this low-

frequency range. Subtle conformational and configurational changes of the

methine bridges geometry affect substantially the modes in this spectral region.

Minor contributions of the propionic side chains vibrations are also located in

this region [184]. Along with the vibrations of the rings B and C side chains,

it has also been proposed, that some contributions of the S-C stretching can be

found in this range (see subsection 5.4.1).
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Determination of the gross chromophore geometry was carried out via the investi-

gation of the methine bridge configuration and conformation. An equally important

structural parameter is the protonation state in the chromophore. In fact, the discussion

of chromophore structure in the different phytochromes and their various states was

based primarily on the assignment of the chromophore marker bands and the HOOP

region.

3.9.3. RR active chromophore marker bands

Within the RR spectra, marker bands represent a structural signature for a specific

chromophore geometry.

C=C stretching The C=C modes of cationic or neutral tetrapyrroles exhibit the high-

est Raman intensities. Located around 1600 cm−1, there are several partly over-

lapping bands. According to quantum mechanical calculations, they include

C=C stretching coordinates mainly of the AB and CD methine bridges (AB and

CD stretching). The strongest band contains the highest contribution of the CD

stretching coordinate. At higher frequencies, the second strongest band, overlap-

ping with the CD mode, is due to the AB stretching. At even higher frequency

less prominent bands containing modes which involve the C=C stretching of ring

A (only in case of endocyclic chromophore attachment) or ring D and the vinyl

stretching of the ring D side chain (only for phytochromes with BV and PΦB as

chromophores). The Raman activity for the endocyclic C=C stretching is very

low. The remaining BC C=C stretching mode is found at lower frequencies, than

the CD C=C mode (-10 cm−1). with very low RR activity. Modes involving the

C=C stretching vibration within the remaining pyrrole rings B and C have low

intensity and the overlap with other prominent bands compromises an unambigu-

ous assignment. The previously controversial band assignment that corresponds

to the AB C=C stretching vibration and the following structurally inacurate inter-

pretation of the chromophore geometry in the Pr state could be solved on the

basis of 13C5 isotopic labelling and QM/MM calculations. Here, the RR inter-

pretation was in line with the crystallographic elucidation of the chromophore

structure (correct ZZZssa vs. inadequate ZZZasa geometry) [49, 130].

N-H in-plane In the region between 1550 and 1590 cm−1 a band of medium intensity

is observed, which corresponds to the N-H ip bending mode of ring B and C,

as demonstrated by isotopic labelling. Deprotonation of the chromophore corre-

sponds to the removal of one proton from either ring B or C [184].

Unambiguous assignment is experimentally possible by comparing the RR mea-

sured in H2O and in D2O (also in agreement with calculations). In the latter
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one the N-D i.p. bending mode is downshifted to approx. 1070 cm−1. These is

only true for a fully protonated chromophore. Proton abstraction is most likely

to occur at the nitrogens of ring B and C (lowest pkA value of all N-H groups)

[19]. In this respect, absence or presence of the BC N-H i. p. mode with the cor-

responding H/D sensitivity is a reliable indicator to determine the protonation

state of the chromophore. Additional contribution of the N-H groups of ring B

and C can be found in less prominent bands at approx. 1520 cm−1. Calculations

of chromophores lacking the protonation either of ring B or C, show a very low

RR intensity for bands with contributions of the N-H groups. In addition, neutral

chromophores exhibit a less pronounced H/D sensitivity of all modes involving

the pyrrole nitrogens, especially the C=C modes of the methine bridges. Further

N-H modes with contribution of rings A and D are found around 1320 cm−1.

Experimental assignment is rather complicated due to the increased number of

bands in this region.

C-H out-of-plane For the identification of the Pfr state in a RR spectrum, the analysis

of this mode (approx. 800 – 815 cm−1) is of special interest. It shows a very

strong RR intensity, which is a unique signature for this parent state. Increased

torsions of the methine bridges (especially of the CD coordinate) cause an inten-

sity increase of the out-of-plane bands (OOP bands) [6, 54, 79, 119].

OOP ring D Recent QM/MM-calculations predicted a mode with high intensity

around 650 cm−1. This mode was assigned to the out-of-plane motion of ring D

[126]. In this respect, an analysis of this region in several phytochrome spectra

proved that a putative band could be assigned to the OOP mode.

3.9.4. IR active chromophore bands

Unlike the RR spectra, the protein contribution overlaps with most of the chromophore

bands in the marker region (amide I and amide II):

C=O stretching Between 1680 and 1730 cm−1, the stretching modes of the C=O

groups of rings A and D have been extensively investigated and used as marker

bands to elucidate the chromophore structure of model compounds and of the

different states in phytochromes [55, 140, 171, 196]. Furthermore, the assign-

ment of the C1=O (ring A) and C19=O (ring D) stretching vibrations is important

for the understanding of the primary photochemistry and subsequent intermedi-

ate formation in the Pr-to-Pfr and the back conversion pathway [56, 57, 165].

Although both C=O modes (rings A and D) have been predicted with very small

Raman intensity, the C=O mode of ring D could be unambiguously assigned.
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Figure 3.5: Vibrational spectra of Agp1 phytochrome with highlighted spectral regions
and most relevant chromophore vibrational modes. In the top layer the RR spectrum of
the Pfr state is displayed. The IR difference spectrum (Pfr minus Pr state) is plotted in the
second layer. This spectrum was kindly provided by Patrick Piwowarski (AG Bartl, Bio-
physik Charité Berlin). Due to absorption of the BaF2 windows (or CaF2) no difference
bands below 900 cm−1 (1000 cm−1) can be detected. The RR spectrum of the Pr state is
shown in the third layer (from top to bottom). The bottom spectrum corresponds to the
pure Meta-Rc state. The intensity of all spectra was normalized to to the most intense
band. The large boxes delimit the relevant phytochrome spectral windows. Structurally
interesting vibrational modes are highlighted in bold. For calculation of the SCS values
of each RR species, the intensity ratio of the strongest chromophore band and the PHE
band or the buffer contribution have to be considered.
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This applies for both parent states. Due to the considerably reduced RR inten-

sity of this mode (1 – 2% of the strongest chromophore peak), the ring D C=O

assignment was not possible in the intermediate species.

While the propionic side chains seems to play a crucial role in the chromophore

assembly as well as in the parent state interconversion [16, 166], very little is

known about the frequency assignment of the C=O streteching modes of this

groups. It is clear that the C=O coordinate contributes to bending modes in the

range from 1100 to 1200 cm−1[140]. But, due to the overlap of protein modes

with the C=O stretching (-COO− ) of the chromophore side chains, no clear

assignment was possible. Only the current investigations on bathy phytochrome

showed a protonation/deprotonation of the propionic side chain of ring C. In

this case, the C=O mode of the protonated side chain (-COOH) could be easily

assigned above 1750 cm−1(see chapter 6).

C=C stretching The only IR active chromophore band has been assigned to the C=C

stretching vibration of the BC methine bridge. Despite the overlap with amide

modes, difference signals (Pfr-Pr) could be unambiguously assigned to this

mode via 13C10 chromophore labelling [159]. As mentioned in subsection 3.9.3,

this mode is located at frequencies in the range within 1590 and 1610 cm−1.
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4. Results: pH dependence of the Cph1 parent

states

4.1. Analysis of the Pr and Pfr state pH titration

Pr state raw spectra Between pH 6.0 and 9.0 the general spectral features of the

ZZZssa-PCB chromophore are conserved (fig. 4.1 and fig. 4.3). First, the protonation

state (N-H i. p.) and the position of the strong CD C=C stretching at ca. 1620 cm−1.

In contrast, the high frequency shoulder at ca. 1650 cm−1 appears at pH 6.0 almost

as separate peak, while in alkaline medium this shoulder downshifts to the CD band.

According to calculations and chromophore isotopic labelling [130] this shoulder was

assigned to the C=C stretching of the AB methine bridge (vide infra). At around

1600 cm−1 a shoulder, probably assigned to the C=C stretching mode of the BC

bridge gains intensity in slightly alkaline medium. Above pH = 8.5, the chromophore

is largely deprotonated as indicated by the intensity decrease of the N-H i.p. band and

through the broadening of the CD band (pH = 9.0). Chromophore intensity depletion

is accompanied by an increase of the protein and buffer contribution (see RR spectrum

at pH = 9.0 in fig. 4.1).

Pfr state raw spectra In contrast to the observed changes in the Pr form, the general

chromophore features, characteristic for the Pfr state remained unchanged in the entire

pH range studied here. The strongest bands are the CD band at 1608 cm cm−1 (marker

region) and the characteristic HOOP peak at 803 cm−1 with a shoulder at 812 cm−1.

Furthermore, the N-H i.p. band at 1553 cm−1 indicates a fully protonated chro-

mophore. Only above pH = 9.0 an apparently neutral Pfr species gains weight, as

implicated by increasing protein and buffer contribution at the expense of chromophore

bands.

Quantitave analysis of the parent states To investigate the pH-dependence of the

chromophore species, component analysis was applied for both parent states separately

(details given in section 3.7.1). The global analysis of the marker region in the Pr state
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Figure 4.1: Full range RR spectra of the Pr state of Cph1∆2 measured in H2O buffer at
different pH values. Protein contribution is observed at 1004 and 1465 cm−1, while the
buffer contribution can be especially monitored at 1072 cm−1.

(Pfr state) started with three (two) initial “guess” components obtained by mutual sub-

traction of the spectra measured at the pH 6.5, 8.0 and 9.0 (pH 6.5 and 9.0) according

to the following procedure

Pr− I = Pr(pH6.5) − k1 · Pr(pH8.0) (4.1)

Pr− II = Pr(pH8.0) − k2 · Pr− I − k3 · Prdept (4.2)

Prdept = Pr(pH9.0) − k4 · Pr− II (4.3)

Pfrdeprot = Pfr(pH9.0) − k5 · Pfr(pH6.5) (4.4)
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4.1 Analysis of the Pr and Pfr state pH titration
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Figure 4.2: Full range RR spectra of the Pfr state of Cph1∆2 measured in H2O buffer at
different pH values (in analogy to fig. 4.1), without Pr contribution. Protein and buffer
contributions are considerably lowered after Pr subtraction.

Pfrprot = Pfr(pH6.5) − k6 · Pfrdeprot . (4.5)

Where the terms on the left side denote the “guess” component spectra and the terms

on the right side the experimental RR spectra measured at different pH; ki denote the

respective weighting factors for the subtraction. Prior to the generation of the Pfrprot

and Pfrdeprot spectra, the Pr contribution at each pH value was removed. This proce-

dure was validated by a global analysis of the raw Pfr spectra containing residual Pr

contribution (vide infra). Determination of the guess component spectra of the Pr state

could be simplified by defining two regimes: a pH dependent transition between two
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Figure 4.3: Global component analysis in the marker band region of the raw Pr and Pfr
state RR spectra. The overall fit to the spectrum is plotted in red. Left: Pr spectra were
fitted with three different component functions: Pr-I , Pr-II and Prdeprot . Right: In the Pfr
state, with only two components: Pfrprot and Pfrdeprot .

cationic Pr-forms, namely Pr-I and Pr-II [180] and the deprotonation of the bilin at high

pH values [195]. The Pfr spectra were analyzed in terms of an acid-alkaline transition,

namely the equilibrium between a protonated (Pfrprot) and a deprotonated (Pfrdeprot)

species. However only at pH 9.0 the deprotonated Pfr species exhibits an appreciable

concentration (see fig. B.3).

The spectral contribution of each Pr component indicates that at acidic conditions

(pH 6.0-6.5) the overall spectrum is dominated by the Pr-I form. Its contribution

decreases with increasing pH while the second protonated species, Pr-II, reaches a
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4.1 Analysis of the Pr and Pfr state pH titration

pH Pr-I Pr-II Prdeprot Pfrprot Pfrdeprot

6.0 0.679 0.108 0.209 0.816 0.037

6.5 0.704 (0.635) 0.105 (0.360) 0.184 0.817 0.073

7.0 0.639 (0.653) 0.318 (0.352) 0.029 0.824 0.079

7.5 0.403 (0.528) 0.474 (0.470) 0.127 0.797 0.093

8.0 0.300 (0.457) 0.631 (0.537) 0.076 0.795 0.094

8.5 0.042 0.631 0.335 0.732 0.173

9.0 0.000 0.328 0.724 0.540 0.350

Table 4.1: Spectral contribution of all species determined from the experimental RR
spectra of the Pr and Pfr (fig. 4.3 and fig. 4.3, respectively). For further analysis and
pKa calculation the values of all components for each parent state were normalized sepa-
rately to the highest at each pH value. In case of Pr-I and Pr-II, values within in brackets
refer to the 13C5-PCB Pr titration. Corresponding global analysis and raw RR spectra are
shown in fig. B.3.

maximum concentration between pH 8.0 and pH 8.5 (fig. 4.3 and fig. 4.5). At pH 9.0

the Pr-I contribution is almost negligible and the contribution of Prdeprot rises sharply

at the expense of the protonated Pr species (see table 4.1). Unlike to the Pr-I and

Pr-II species, the Prdeprot spectrum shows strong similarities with the Meta-Rc inter-

mediate, since it exhibits the general characteristics of a deprotonated chromophore

spectrum [80]. Here, the C=C stretching marker bands are poorly structured and the

lack of the N-H i.p. band is a clear indicator of the chromophore proton abstraction

at either ring B or C. The values for Prdeprot species at pH 6 and 6.5 as obtained by

the spectra analysis are evidently an artefact of the fitting procedure that overestimates

weak spectral contributions (see fig. 4.4 and fig. 4.5). Unlike to the Pr state, there is no

indication for different pH-dependent cationic Pfr-conformers.

The spectral contributions obtained by the component analysis were used to deter-

mine the apparent pKa value (pKa,app) of each transition in both parent states. In the Pr

state the model described two transitions: Pr-I-to-Pr-II and Pr-II-to-Prdeprot . According

to that, two proton-translocation events take place. For the Pfr state a single transition

denotes proton uptake from the chromophore in alkaline medium:

Pr− I + A−H+
⇆ Pr− II + A + H+

⇆ Prdeprot + A + 2H+ (4.6)

Pfr ⇆ Pfrdeprot +H+. (4.7)
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4. Results: pH dependence of the Cph1 parent states

PrI

PrII

Prdeprot

Figure 4.4: Pr state component contribution within pH 6.0 and 9.0. Exact values of the
component concentration of the Pr-I, Pr-II and Prdeprot species can be found in table 4.1

Here A refers to an amino acid that is protonable at neutral conditions must be

localized in the vicinity of the chromophore (vide infra). The net pKa values were

determined from the apparent values (pKa,app, see eqn. 3.27) including the scattering

cross section-ratio as proportionality factor (see table 4.1 and E.1). For the Pr-I-to-

Pr-II and Pr-II-to-Prdept transitions we obtained an apparent pKa value of 7.5 and 8.7,

respectively (corresponding to a corrected pKa of 7.2 and 8.6, respectively). In case

of the chromophore deprotonation in the Pfr state a pKa,app value of 9.4 (pKa of 8.8)

was estimated. The Pr-I/Pr-II pKa value is in reasonable agreement with literature

values [195]. In contrast, the estimated deprotonation pKpKa values (both for the Pr

and Pfr state) are lower then previously reported [23, 50]. Possible systematic errors

refer to over or underestimation of the concentration or scattering cross-section of each

component.

Interestingly, both chromophore-proton translocation events in the Pr and Pfr state

follow the same sharp transition whereas the Pr-I-to-Pr-II titration curve is charac-
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4.2 Structural analysis of the Pr-I and Pr-II conformers

terized by a smoother profile. Since here the chromophore remains protonated, the

equilibrium must reflect the (de)protonation of a nearby amino acid. A pH-dependent

proton-translocation in the Pr chromophore pocket involves at least one histidine (His)

group [195]. Two highly conserved His residues can be identified in close proximity to

the cofactor: H260 and H290 (see fig. 2.4). According to the crystal structure, the first

one is found on top of the chromophore, interacting over the conserved pyrrole water

and in contact with rings A, B and C. The second is located at a βsheet region in the

GAF domain. Hydrogen-bonding with the carbonyl oxygen of ring D can be assumed

[49]. The pKa value of the imidazole side chain is around physiological pH, however

it might be shifted in the protein matrix due to the specific environment [75].

Protonation/deprotonation of the conserved histidine groups cannot be identified in

the crystal structure [49]. Here electrostatic calculations might predict the appropriate

protein protonation state in the chromophore cavity [120]. Assuming that, both His

residues are potential candidates for the proton induced geometric or electrostatic tun-

ing of the PCB chromophore, then the highly sensitive C=C bands (AB and CD) can

be used to monitor the histidine-chromophore interaction in both Pr forms.

4.2. Structural analysis of the Pr-I and Pr-II conformers

Pure protonated Pr species Both, Pr-I and Pr-II spectra were compared to the Pr

state measured in the crystal phase [130]. Band analysis of the marker region demon-

strated a strong similarity between the Pr-I and the Pr crystal spectrum and supports the

assumption, that the chromophore geometry is rather sensible to the protonation of the

binding pocket than to crystal packing effects [125]. Due to similar pH conditions of

the solute and crystallized Pr species (below pH = 6.0) [49, 130], all spectral features

are largely conserved in the whole spectral range (see fig. B.1).

The N-H i. p. band observed at 1570 cm−1 (Pr-II species) is downshifted in the Pr-I

as well as in the crystalline state (2-3 cm−1). Furthermore, the strongest CD C=C band

was detected at the 1629 cm−1 in all three spectra. In Pr-I and Prcrystal a doublet at

1658 and 1677 cm−1 was observed (AB mode). This feature is downshifted by almost

12 cm−1 in the Pr-II species. Concomitant rising of a low frequency shoulder at around

1600 cm−1 is observed (BC C=C). The absence of this band in the acid form might be

related to an upshift underneath the prominent CD band. In both solution Pr spectra,

a small band was found at 1712 cm−1. According to FT-IR measurements, this band

could be assigned to the C=O stretching vibration of ring D [55, 56]. In case of the

acidic and crystal Pr species, an additional high frequency band was found at 1722 and

1733 cm−1, presumably assigned to the C=O stretching of ring A. However, the low

intensity impeded unambiguous assignment in both cases.
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4. Results: pH dependence of the Cph1 parent states

pKPrI/II
pKPfrdptpKPrdpt

Figure 4.5: Determination of the pKa values for the different pH dependent transitions.
The Henderson-Hasselbach equation (—), (· · ·) and (- -) was fitted to the normalized
concentration of the Pr-I-Pr-II (◦), Pr-II-Prdeprot (△) and Pfr prot -Pfrdeprot (�) conver-
sion.The pka values derived from the fits correspond to the apparent pKa,app value which
were then translated to de facto pKa values according to eqn. 3.28.

The difference between the Pr-I and Pr-II is restricted to a small but detectable fre-

quency upshift of the AB and BC C=C modes, while the CD C=C peak and N-H i.p.

band appear to be largely unaffected. To corroborate this observation, we used iso-

topic labeling of the chromophore (13C5-labelling and H/D exchange of the buffer)

and analyzed the Pr state within the pH (pD) range of 6.5 and 8.0.

13C5-PCB isotopic labelling Taking into account that isotopic labelling of the chro-

mophore does not affect the pH dependence, the 13C5-PCB Pr spectrum can be inter-

preted as the sum of the Pr-I and Pr-II components. Below pH 8.0 the Prdeprot compo-

nent is rather small and as a first approximation it can be excluded from the Pr-I/Pr-II

component analysis (see fig. B.3).
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Figure 4.6: Band analysis in the marker region within the RR spectra of all protonated Pr
state species from Cph1∆2. Synthethic spectra for the Pr-II and Pr-II species, are shown
in accordance to the color coding of fig. 4.3. The fit spectrum of the Prcrystal species is
plotted in red. Single band components are displayed in gray. Band frequency, inten-
sity and width are given in table 4.2. Specific band displacement of the characteristic
chromophore modes between the different Pr spectra are marked with doted lines.

As expected, the CD and N-H i. p. show no isotopic shift. Furthermore, the
12/13C5 downshift of the highest frequency shoulder is consistent with previous inves-

tigations and can be therefore unambiguously assigned to the AB mode [130]. In the

Pr-I species, the AB and BC 12/13C-downshift (∆∆ν = −25 cm−1) is larger then in the

Pr-II species (see fig. 4.7 and fig. 4.8). Here the AB and BC mode mixing allows for

the assignment of the Pr-I BC mode at 1595 cm−1. Its position in the non-labeled Pr-I
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Figure 4.7: RR Pr-I spectrum of the Cph1∆2 containing a native chromophore (top),
13C5-PCB or measured in D2O. Single band components are plotted in gray while the fit
spectrum is displayed in green. Isotopic shifts are highlighted with dotted lines.

overlaps with the CD frequency. Assignment of the BC mode is based on QM calcu-

lation and 13C10-labelling of the BV chromophore in Agp1 [159]. A detailed analysis

of the BC mode in Agp1 and CphB phytochrome is given in section 5.2. In the Pr-II

species, the AB band at 1648 cm−1 is downshifted underneath the strongest CD band

after 12/13C-isotopic exchange (∆∆ν = −17 cm−1). A similar 12/13C-downshift was

observed for the BC band at 1613 cm−1, downshifted either close to the adjacent bands

at 1602 or to 1586 cm−1.
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4.2 Structural analysis of the Pr-I and Pr-II conformers

Prcrystal Pracid Pralkaline

SCS 18.29 18.75 9.05

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

C=O 1733 0.038 14.1 1722 0.011 13.7

1712 0.046 15.1 1712 0.062 16.1 1712 0.057 12.8

1677 0.028 13.0 1675 0.032 13.0 1676 0.063 18.0

AB 1658 0.274 12.5 1662 0.139 13.0

AB 1654 0.246 12.8 1656 0.198 16.7

AB 1651 0.188 12.5 1647 0.122 13.1 1648 0.361 15.8

C=C 1639 0.122 12.9 1639 0.332 16.0

1635 0.209 13.3

CD 1629 0.872 14.5 1628 0.819 12.6 1630 0.684 16.2

BC 1611 0.101 12.8 1615 0.131 15.2

1605 0.189 13.2

N-H 1562 0.403 11.1 1567 0.426 11.6 1570 0.304 12.9

1540 0.027 16.0 1538 0.035 11.4 1550 0.065 16.3

1524 0.134 12.0 1523 0.143 10.3 1524 0.111 14.4

1514 0.019 16.0

Table 4.2: Band frequencies νi, intensities Ii , full widths at half maximum (FWHM or
∆νi), and scattering cross section (SCS) of Prcrystal , Pr-I and Pr-II. Values of the Prdeprot
form are listed in appendix E.4.

H/D exchange As expected, the N-D i.p. band is found at 1071 and 1073 cm−1 for

the Pr-I and Pr-II, respectively [122]. The C=C stretching modes of the methine

bridges, are primarily composed by the respective C=C stretching coordinates, albeit

with minor contributions of the N-H bending i. p. coordinates of the adjacent

rings. Upon H/D exchange at the respective N-H groups, these latter contributions

are removed leading to a redistribution of the mode composition and therefore to a

frequency shift of the corresponding C=C band. While in both species the CD band

is found downshifted in D2O, the Pr-I species denotes a larger isotopic effect on this

mode (∆∆ν (I) = −8 cm−1 and ∆∆ν (II) = −6 cm−1). A similar isotopic shift can be

assumed for the BC band, although the peak intensity is rather low. In addition, over-

lap with protein bands of the deuterated amide groups compromises an unambiguous

assignment. Following the previous results, the AB band of the Pr-I and Pr-II species
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Figure 4.8: RR Pr-II spectrum of the Cph1∆2 containing a native chromophore (top),
13C5-PCB or measured in D2O. Overall fit spectrum is displayed in blue, while other
plotting details are as in figure 4.7.

was detected as a high frequency shoulder of the CD band. Furthermore, the fre-

quency separation of AB and CD bands was larger in the Pr-I then in the Pr-II species

(∆∆ν (Pr− I(AB/CD)) = −22 cm−1 and ∆∆ν (Pr− II(AB/CD)) = −15 cm−1).

According to the Pr-I and Pr-II band analysis, the main difference refers to an

upshifted AB band in the Pr-I form. As a result of the AB and BC mode mixing,

the BC-frequency also shifts up in the Pr-I form. The slight downshift of the N-H i.

p. mode in the Pr-I species is less prominent, but it reflects an inverse trend. On the

other hand, the CD mode remains insensitive to the modified electrostatics in both Pr

species.
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4.3 Structural analysis of the protonated Pfr state and deprotonated species

4.3. Structural analysis of the protonated Pfr state and

deprotonated species

Pfrprot The single component analysis and band assignment of the RR spectrum of

the Cph1∆2 Pfr state has been discussed extensively in previous works [104, 186, 189].

It is assumed that like in all prototypical phytochromes the Pfr state of Cph1 exhibit

also an intrinsic structural heterogeneity [159]. This is clearly revealed by analyzing

the broad CD band and its highest frequency AB counterpart. While the latter one can

be interpreted as a doublet with peak maxima at 1656 and 1645 cm−1, the composition

of the broad CD band is complex. A first attempt fit the CD envelope included an

ensemble of 5 Lorentzians (1619, 1612, 1606, 1603 and 1596 cm−1). The N-H i.p.

band could only be reproduced as doublets (1553 and 1547 cm−1).

In a further approach (data not shown), the fitting procedure was applied to the

Pfr spectra of a compilation of different PCB binding phytochromes. Also multiple

isotopic labelling of the chromophore (15N4-PCB, 13C15-PCB, etc.) was included.

This allowed a precise elucidation of the number of bands beneath the CD envelope

and of the N-H i. p. band. Subsequently, the number of single Lorentzian functions

required for a satisfactory fit was reduced, however this implicated an increased of

the band-width of the involved Lorentzian functions. According to these and previous

findings, the chromophore structure can be found in two or more ZZEssa conformers.

These differ in the AB and CD methine bridge bond length and/or in the dihedral angle

of adjacent pyrrole rings (A/B and C/D). Interestingly, the conformationalequilibrium

cannot be altered as a function of the pH.

Deprotonated Pr and Pfr species The overall spectrum in both species is dominated

by broad band features. The most valuable information is the lack of the N-H i. p. band,

the poor H/D sensitivity, as well as the decreased scattering cross section. Interestingly,

deprotonated Pr and Pfr species can be distinguished on the basis of the broad C=C

band, probably corresponding to the CD peak [118, 119]. Pure deprotonated spectra

(Pr and Pfr) are shown in fig. B.2 and B.8. The band fitting does not allow a defined

structural analysis; however, the inclusion of the “synthetic” deprotonated species was

crucial to determine the pH dependent spectral profiles in both parent state. Single

band components of the pure deprotonated spectra can be found in table E.4.

4.4. pH-dependence of the H260Q mutant

Previous investigations suggested the involvement of H260 rather than H290 group in

the protonation equilibrium of the Pr state [74, 180, 195]. Hence, to unambiguously

identify its relevant function, the H260Q mutant was subjected to a pH dependent
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4. Results: pH dependence of the Cph1 parent states

vibrational analysis (pH 7.0 to 8.5). The glutamine residues preserves the polarity of

the histidine, however the pKA value of the amide function is distinctly higher such that

there is no indication for a Pr-I/Pr-II equilibrium. Due to lower degree of chromophore

binding, protein bands display a higher intensity and thus the apoprotein (Sapoprotein)

contribution had to be considered for the subtraction procedure:

PrH260Q = Prraw − k7 · Sapoprotein (4.8)

PfrH260Q,prot = PfrH260Q (pH7.0) − k8 · PfrH260Q (pH8.5)

− k9 · PrH260Q (4.9)

PfrH260Q,deprot = PfrH260Q (pH8.5) − k10 · PfrH260Q,prot . (4.10)

H260Q Pr state Only a single protonated Pr component was detected. At pH 8.5

chromophore deprotonation already occurs, but its contribution to the overall spectrum

is rather small (fig. 4.9). The protonation state of chromophore was elucidated by the

characteristic H/D sensitive N-H i. p. peak at 1575 cm−1. This band is upshifted

compared to the native Pr-I and Pr-II forms. In the H260Q-Pr state, the CD peak

is upshifted to 1644 cm−1 (∆∆ν (Pr(n.a./H260Q)) = +15 cm−1), overlapping with

the AB mode. Finally, no clear BC band could be identified. However, it might be

obscured by the stronger CD band. In this respect, the chromophore in the H260Q-

mutant adopts a distorted ZZZssa-like geometry with all pyrrole nitrogen atoms being

protonated.

H260Q Pfr state The photo-conversion product of Pr, formed at room temperature,

was predominantly deprotonated (pH 7.8 to 8.5), and only at pH 7.0 formation of a

protonated species could be induced (vide infra). In accordance with the wild type, a

single acid-alkaline transition was observed. However the PfrH260Q,prot /PfrH260Q,deprot

pKmathrma value was considerably lowered. Here, the amid-function of Q260 favors

the proton abstraction leading to a preferentially neutral chromophore species at phys-

iological pH. Unlike the native phytochrome, a Pr back-formation (after far red light

irradiation) is preferred at pH 7.0. At higher pH values, Pr-back conversion from the

deprotonated Pfr species was partially inhibited.

Compared to the native Pfrprot , the PfrH260Q,prot chromophore is probably highly

distorted, although all Pfr marker bands were observed. These are the N-H i. p. band

at 1560 cm−1 and the CD band found at 1618 cm−1, which in analogy to the Pr state

of H260Q is upshifted by ca. 15 cm−1 compared to the spectrum of the native Pfr. The

AB mode is downshifted underneath the CD band (see fig. 4.9 and table E.3). These

differences suggest a distorted ZZEssa cationic chromophore structure. Finally, the

characteristic Pfr state CD HOOP doublet was observed at 803 cm−1 with a shoulder
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Figure 4.9: RR spectra of the Pr (left) and Pfr state (right) of the Cph1∆2H60Q mutant
measured in aqueous buffer at different pH values (solid black). Global analysis of the
Pr state was carried out using a single component (PrH260Q). In the other hand, the
PfrH260Q,prot and PfrH260Q,deprot component spectra reproduced well the raw Pfr species.
The overall fit spectrum is shown in solid red. Corresponding fullrange Pr and Pfr spectra
are shown in fig. B.5 and fig. B.5, respectively.

at 812 cm−1 in agreement with the native Pfr CD HOOP doublet (803 and 810 cm−1,

respectively) [205].

Despite the poorly resolved and broad band structure, the deprotonated Pfr species

of the H260Q-mutant is reminiscent ot the native phytochrome Pfrdeprot species (see

fig. B.8). Thus, the deprotonated Pfr species might be interpreted as a thermally stable

Meta-Rc species.
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Figure 4.10: Marker bands of the Cph1∆2H60Q RR Pr and Pfr spectra measured in
H2O and in D2O. Top: PfrH260Q,deprot ; center: PfrH260Q,prot and bottom PrH260Q. Corre-
sponding fullrange spectra shown in fig. B.7.

4.5. Discussion

Pr state Combining the results of the pH dependent transition in the native Cph1∆2

assembled with the unllabeled and the isotopically labeled PCB chromophore, as well

as the H260Q mutant, it is shown that the H260 is intimately involved in the Pr-I/Pr-II

equilibrium. The Pr-I species is observed in acidic conditions, both in solution as in the

acidic crystalized form. The population of the Pr-II rises at slightly alkaline conditions.

Identification of the N-H i. p. mode in both Pr forms denotes a prevailing cationic chro-

mophore structure in a similar a ZZZssa geometry. While the chromophore remains
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Figure 4.11: Analysis of the marker band region of the Pfrprot (top) and
PfrH260Q,prot component spectra, as well as the corresponding PrH260Q and Pr-I (bot-
tom) species. Component spectrum (solid black) is displayed with the corresponding fit
spectrum (solid green) and all single Lorentzian components (solid gray). Band fitting
parameters are given in table E.3.

largely protonated, the H260-H+ → H260 transition, is clearly detected by the down-

shift of the AB mode upon His proton release (Pr-I → Pr-II). Here the positive charge

distribution has a clear influence on the pyrrole rings A and B. The CD bridge is more

robust to pH changes, thus the transient protonation of H260 has a less pronounced

effect on rings C and D. While a proton-translocation at the H290 residue cannot be

excluded, the effect on the adjacent rings C and D is undetectable as revealed by the

spectra of the H260Q mutant. Upon H260 substitution the Pr-I → Pr-II transition is
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4. Results: pH dependence of the Cph1 parent states

cancelled and only a single Pr conformation populated. Here all four pyrrole nitrogens

of the chromophore are protonated. The H260Q mutation itself induces larger changes

in the chromophore structure, as reflected by the upshift of the CD and N-H i. p. bands.

It also probably affects the water network in the pocket, especially the hydorgen bond-

ing of the conserved pyrrole water. Furthermore the lack of the conserved histidine

also affects the photocycle, especially the proton uptake during the Meta-Rc → Pfr

transition (vide infra).

The observed Pr-I/Pr-II equilibrium matches nicely with the isoforms determined

with magic-spinning NMR-spectroscopy, especially regarding the proton-translocation

of H260. However, the NMR data implies that the histidine protonation affects rings

C and D, which clearly contradict our observations [180]. Despite the discrepancy,

it seems that the role of the H260 in stabilizing the Pr-I or Pr-II conformers is not

only relevant in Cph1 phytochrome, but also plays a crucial role in the Pr state of

plant phytochromes [178]. The vicinity of the chromophore binding site (C259, GAF

domain) is intimately linked to the conformer population. Interestingly, in prototyp-

ical bacterial phytochromes the Pr state denotes an intrinsic structural heterogeneity

in solution [136], which is cancelled in the crystalline state [185]. However, the Pr

conformer population in BV binding phytochromes cannot be altered in terms of the

protonation of the binding pocket. First, the binding site (C12 within the PAS domain)

and the conserved histidine are not in direct vicinity as in Cph1. Second, no pH depen-

dence of the Pr state has been reported. Hence, the BV chromophore denotes a higher

mobility and the protonation effect of the imidazole-ring might be weaker.

Early investigations on Cph1 and Cph1∆2 demonstrated deviations in the recorded

Pr fluorescence spectra, depending on temperature and pre-illumination conditions.

Hereby strong evidence for chromophore heterogeneity was found, in which two PCB

conformers coexist in a thermo-equilibrium [175]. However, formation of a Pr photo-

product or large protein structural rearrangements could be ruled out since our exper-

iments only demonstrated a small change, namely the H260-tuned coexistence of two

similar Pr species. Furthermore the Pr-I → Pr-II as well as the Pr-II → Prdept transi-

tions are reversible, thus depronation can be excluded (vide supra).

Using femto-second stimulated Resonance Raman (FSRR) spectroscopy the exis-

tence of a multiple conformer population in the Pr state was ruled out [181, 182].

Combing the FSRR and absorption data, Raman excitation profiles (REPs) were cal-

culated. Subsequently, the absorption profile and the ratio of the vibronic transitions

(0−0, 0−1) at RT as well as at low temperatures were interpreted in terms of a homoge-

nous Pr state. Our results differ from these conclusions, since we clearly observe a

two-conformer Pr-equilibrium. This difference may root in the buffer conditions. The

temperature effect is a parameter that has to be considered, yet the His260-H+ → H260

pKA determination via absorption measurements [195] is in line with the current RR
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approach, even though absorption measurements and RR experiments were performed

at different temperatures. Furthermore, the pKA value of the keto/enol tautomerism in

the Pr state of the Agp2 bathy phytochrome was unambiguously determined by absorp-

tion, infrared and RR spectroscopy [207, 221].

While the temperature might play a crucial role in intrinsic conformational hetero-

geneity [159], the Pr-I/Pr-II equilibrium is linked to the protonation of the chromophore

binding pocket. Hence, cryogenic RR spectroscopy is a suitable method to study this

process. According to our results and considering the pH 8.0 in the FSRR experiments,

a rough calculation of the Pr-I/Pr-II ratio can obtained (vide supra). In this respect, the

overall Pr spectrum would contain predomantly Pr-II (63%) with a smaller Pr-I con-

tribution 30%. Also the deprotonated chromophore species has a small contribution

(7%). In this respect, interpretation of the FSRR Pr spectrum could be then obscured,

since this technique might not be sufficiently sensitive to detect minor sub-populations.

In fact, due to the position of the strongest CD C=C band at 1630 cm−1 and the AB

band at 1658 cm−1, the FSRR Pr spectrum could be unambiguously addressed to the

Pr-II species.

Finally, the buffer capacity has an influence on the chromophore structure as found

by comparing the spectra obtained with decreasing the buffer concentration and ionic

strength from 50mM Tris-Cl and 300 mM NaCl to 2.5 and 5 mM respectively. Prelimi-

nary results on the Pr state exhibit an upshift of +5 cm−1 accompanied by a band broad-

ening (see fig. B.9). Additionally, in the HOOP region a shoulder at 821 cm−1 gains

intensity. Interestingly the N-H i. p. band, as well as the BC band remained at the same

frequency. It remains unclear if the AB mode is affected by the decrease in buffer

capacity and ionic strength due to the overlap with the upshifted CD mode. Finally,

it is very likely, that the recorded Pr species represents a mixture, containing the Pr-

I/Pr-II and the Pr-X species. Like in the H260Q-mutant, the upshift of the CD C=C

mode in the Pr-X species might correlates with a blue-shift in the absorption maximum

(probably non-photoactive Pr species).

Interestingly this further equilibrium might be related to the dynamic inhomogene-

ity recently proposed [99]. Here the fluroscent Pr state is blue shifted compared to the

photo-active species. In contrast, the Pr-I species is red shifted [195]. Furthermore,

the fluorescent Pr species is photochemically inactive, while in the present investiga-

tion the Pfr conversion is almost pH insensitive, yielding 57-60% at photo-stationary

equilibrium between pH 6.0 and pH 8.5 (Pfr raw global anaylisis, see table E.5), as

also determined by absorption spectroscopy [195]. In this respect, the dynamic inho-

mogeneity monitored as a function of the temperature might not be strictly related to

the Pr-I/Pr-II equilibrium. However this should be clarified in future investigations.
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4. Results: pH dependence of the Cph1 parent states

Pfr state Unlike to the Pr state, an effect on the Pfr chromophore due to proton uptake

or release by His260 or alternatively H290 can be ruled out. However, H260 plays a

crucial role during the Meta-Rc decay and the subsequent chromophore reprotona-

tion, corresponding the Pfr formation. Here the H260Q mutation cancels the proton-

translocation (pH 7.8−8.5). This could only be overcome by providing a more acidic

environment (pH 7.0). Furthermore, H260 is important for stabilizing the chromophore

structure in the Pfr state. Thus, absence of this residue, even with a relatively conserved

polarity (H260Q-mutation), alters the bilin structure, as implied inter alia by the CD

C=C upshift. However, the effect on the subsequent signaling events remains uncertain.

Within the Pr-to-Pfr transition a net acidification was observed [195]. The proton

release in the Pfr increased at lower pH values. According to our observation, this

would have interesting implications in the Pr-to-Pfr pathway. First, the acidification

might be correlated with the negligible pH effect on the chromophore structure in the

Pfr state suggesting that the pKA of H260 is lowered during the Pfr formation such

that it is deprotonated even down to pH 6.0. Reversible protonation of the H260 occurs

after Pr formation, yet only in sufficiently acidic conditions. This would imply that

during the Pfr-to-Pr conversion, reprotonation of the H260 is coupled to the Pr-I con-

former formation. This is not obvious from the Pr state analysis alone. Secondly, the

proton-translocation event during the Pr-to-Pfr conversion is not pH dependent but the

concentration of the intermediate species evidently changes as a function of the pH.

Hence, the role of a protonated or deprotonated H260 certainly moderates the last step

of the Pr-to-Pfr pathway.

Conclusions The chromophore structure in the Pr state of Cph1∆2 is found to exist

in two similar ZZZssa conformers. In acidic conditions the population of the Pr-I

form predominates. However, at slightly alkaline conditions, it undergoes a structural

change at the AB methine bridge, leading to the PR-II conformer. This equilibrium

is tuned by the protonation state of the conserved H260. Mutation of this residue

abolishes the conformational equilibrium in the Pr state. During the Pr-to-Pfr formation

the histidine side chain lowers its pKa value (imidazolium/imidazole) leading to a pH

independent Pfr state. Finally, the H260 plays a crucial role as key residue within the

proton-uptake event during the Pfr formation.
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Figure 4.12: Summary of the proton translocation events in the binding pocket. Top:
Pr-I/Pr-II and Pr-II/Pr-deprot transition. Bottom: Pfr-prot/Pfr-deprot. The Pr-to-Pfr con-
version as well as the role of the H260 are indicated.
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5. Results: Pr-to-Pfr chromophore structure

changes in prototypical phytochromes

5.1. Role of the PHY domain during the Pr-to-Pfr conversion

In addition to the chromophore isomerization, the Pr-to-Pfr conversion the main

protein-structure transition is associated with a β-sheet to α-helix refolding of the

tongue motif in the PHY domain. This event is apparently associated with the sig-

nal amplification of the Pfr state [190].

The β-sheet to α-helix transition has been independently identified by infrared spec-

troscopy, both for prototypical [187], as well as for bathy phytochromes [207] (α-helix

to β-sheet). In the difference infrared spectra of the Agp1 and Rph2 photosensory-

domain variants (Agp1FMR and Rph2-PGP), structural changes associated with such

a protein-folding event were detected in the amide-I region. In the Pr state, the charac-

teristic β-sheet is observed at 1634 cm−1 and 1629 cm−1 in Agp1FMR and Rph2-PGP

phytochromes respectively (see fig. 5.1). After Pfr formation, this feature disappeared

and instead a strong peak was observed at 1659 cm−1 (1655 cm−1 in Rph2-PGP). This

peak corresponds to the formation of an α-helix motif in the Pfr state. Deletion of the

PHY-domain in Rph2 (Rph2-PG) leads to intensity loss of both, the beta-sheet peak in

the Pr and the alpha-helix-peak in the Pfr state (fig. 5.1 bottom).

5.2. Assignment of the BC C=C stretching mode in the Pr and Pfr

state

According to previous measurements in model compounds [171], QM calculations

[123, 184] and as described in subsection 3.9.4, the C=C BC mode, shows a very

strong IR intensity, but negligible Raman activity [159]. In Agp1 phytochrome it was

demonstrated that, the interpretation of isotopic displacements based on the 13C10-

labelling of the BV chromophore is rather complex, especially compared to 13C5 or
13C15-labelling experiments.

However, 13C10-BV labelling in combination with H/D exchange experiments,

allowed a more accurate mode assignment in the heterogeneous parent state RR spec-

tra of prototypical phytochromes. Both native phytochrome-proteins (CphB and Agp1)
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Figure 5.1: Amide-I and amide-II region of the Agp1 (top), Rph2-PGP (bottom) and
Rph2-PG (magenta) Pfr-minus-Pr IR-difference spectra. Band assignment of the protein-
folding associated Pr-to-Pfr transition are indicated (β-sheet-to-α-helix). Additionally,
Pr and Pfr BC C=C mode assignment is displayed [159]. Agp1 IR spectrum was kindly
provided by Patrick Piwowarski (AK Bartl, Charité Berlin).

have already been investigated by RR spectroscopy [184] and are also discussed in this

work (see section 5.3 for Agp1 and 5.5 for CphB).

The difference between the phytochrome spectra containing a native and a 13C10-

labeled BV can be illustrated by calculating difference 12C/13C-spectra. Here, only

difference bands rise, if a certain vibrational mode involves the C10-atom. Any contri-

bution of modes which are not affected by the 13C-labelling is cancelled. In addition

to the C=C stretching vibration, the BC coordinates also contribute to mixed N-H i. p.
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Figure 5.2: Difference RR Pr spectra of Agp1 and CphB assembled with native BV (neg-
ative peaks) and 13C10 labeled chromophore (positive bands), recorded in H2O (bottom)
as well as in deutered medium (top).

deformation modes of rings B and C [184] (between 1500 and 1550 cm−1). Smaller

difference peaks are also expected in the region around 1300 cm−1 (C-C or C=N).

Interestingly, both Pfr and Pr 12C/13C-difference spectra of Agp1 and CphB are largely

similar. Moreover, the similarity in the marker region is quite remarkable.

Pr state The difference bands in the Pr state of CphB are in excellent agreement

with the corresponding Agp1 spectrum. Generally, the C=C stretching mode of the BC

methine bridge was found at lower frequencies then the strong CD band. In case of BV

binding phytochromes, the CD band was observed at ca. 1625 cm−1. According to IR
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difference measurements, the BC-12C/13C-bandpair in Agp1 was observed at 1596(-

)/1575(+) cm−1 (CphB: 1593/1575 cm−1). However the strongest difference features

in fig. 5. 5.2 corresponds to the peaks at 1626(-)/1614(+) cm−1 (1624/1614 cm−1).

According to ref. [159], coupling with the AB mode is also observed in Pr state. Here,

the band pair 1638(-)/1629(+) cm−1 (1636/1629 cm−1) would perfectly match the

AB mode. All bands involving the BC bridge, undergo H/D shifts of around -9 to -12

cm−1, reflecting the coupling with the N-H (N-D) groups of rings B and C.

Additional 12C/13C-band pairs are observed at 1530(-)/1512(+) cm−1 and in the

HOOP region at 808(-)/802(+) cm−1. The first pair probably refers to a N-H bending

mode that contains BC bridge coupling. The HOOP mode rises probably from C10-H

methine-group. The N-D i. p. mode at 1082 cm−1 (1079 cm−1), couples with the BC

bridge. Hence, the 12/13C-exchange is associated with a -7 cm−1 downshift of this

mode. However, the N-H i. p. is no affected by the isotopic labelling.

Pfr state In agreement with the Pr 12C/13C-difference spectra, both phytochromes

show a very similar Pfr-difference-band pattern. However, slight frequency deviations

(approx. 3-6 cm−1) indicate a similar yet not completely identical chromophore struc-

ture and protein-bilin interactions (hydrogen bonding, electrostatics, etc.).

According to ref. [159] and in agreement with the previous band assignment of the

Pr state, two possible BC peaks were detected at 1619(-)/1605(+) cm−1 [(1613/1603

cm-1)] and 1585(-)/1563(+) cm−1. However, the latter band-pair was less prominent

and considerably broadened. Indication of a second peak as shoulder was observed at

1592(-)/1556(+) cm−1. In CphB assembled with native BV, the negative shoulder was

observed as separated peak at 1596 cm−1. In general the 12C/13C-isotopic downshift

of all bands was around -10 to -20 cm−1, with an additional -10 cm−1 shift after H/D

exchange.

While the frequency position of the first difference peak nicely matches with the BC-

coupled AB mode, the broad nature of the low frequency C=C peak strongly points to

an overlap of two BC modes which are separated by some wavenumbers.

In the Pfr state the N-D coupling with the BC bridge prevailed. In both phyto-

chromes, the Pfr N-D difference peak downshifted by approx. -12 cm−1 compared to

the Pr spectra (see fig. 5.2 and 5.3).

Contrary to the Pr state, a strong difference HOOP band at 811 and 803(-)/814(+)

cm−1 (799/814 cm−1) with a poor H/D effect was observed. Interestingly, in CphB

this feature was even stronger then in Agp1. This region displays considerable dif-

ference even in the absolute spectra, where the CD HOOP doublet of CphB denotes

inverse band intensities (see fig. D.2 and ref. [159]).
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Figure 5.3: Difference RR Pfr spectra of Agp1 and CphB assembled with native BV
(negative peaks) and 13C10 labeled chromophore (positive bands). Further details are
given in fig. 5.2.

5.3. Temperature-dependent Pr-to-Pfr evolution in Agp1

phytochrome

Between -140 and -70 °C recorded RR spectra of the Agp1 phytochrome are largely

dominated by the Pr state, both in H2O and in D2O (see fig. C.1). However, above

-50 °C, the Pr contribution steadily decreases. At -30 °C larger spectral changes are

observed, accompanied by increase of the relative intensity of protein marker bands

(e.g. 1004 cm−1). Unlike Cph1 phytochrome (see chapter 4), the RR spectrum of
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Agp1 recorded after RT red-light irradiation is found almost in a pure Pfr state with

negligible Pr contribution.

5.3.1. Identification of possible pure intermediate spectra

Pure component spectra of both parent states (Pr and Pfr) were obtained by mutual sub-

traction and subsequent apoprotein correction1. At very low irradiation temperatures

(-140 °C and -120 °C) only a mixture of Pr and the photo-product, Lumi-R intermedi-

ate was observed. With rising irradiation temperature, contribution of the intermediate

species preceding the Pfr state (Meta-Ra and Meta-Rc) were observed. Here the spec-

trum at -30 °C is dominated by the Meta-Rc species, whereas the guess Meta-Ra

component displays a strong contribution to the -50 °C spectrum [184, 205]. The fol-

lowing subtraction procedure was applied for the spectra set recorded in H2O and in

D2O:

Prpure (all) = Prraw−k1 ·Pfrpure−k2 ·Apoprotein, (5.1)

Lumipure (1/2) = Sraw (660nm,−140/120)−k3 ·Prraw (785nm,+20) ,(5.2)

Meta−Rapure = Sraw (660nm,−50)−k4 ·Sraw (660nm,−70)

−k5 ·Meta−Rcpure−k6 ·Prpure−k7 ·Apoprotein, (5.3)

Meta−Rcpure = Sraw (660nm,−30)−k8 ·Sraw (660nm,−40)

−k9 ·Prpure−k10 ·Pfrpure−k11 ·Apoprotein, (5.4)

Pfrpure = Pfrraw−k12 ·Prraw (785nm,+20)

−k13 ·Apoprotein. (5.5)

The values k1 to k13 correspond to the subtraction factor. Apoprotein contribution to

the Lumi-R components was negligible. At three different steps of the irradiation pro-

cedure, the recorded RR spectrum corresponded to the Pr state (Prdark , Prilum−1(785nm),

Prilum−2(785nm)). Despite variable Pfr contribution, the obtained pure Pr components

were identical (see fig. C.2). Furthermore, two potential Lumi-R species: Lumi-R1

and Lumi-R2 (-140 °C and -120 °C) were obtained after subtraction (see fig. C.3,

top). Both spectra show a largely similar band pattern. Slight differences only refer

to an increased SNR-value at higher irradiation temperatures. Subsequent rise of the

irradiation temperature (e.g. -80 °C) leads to formation of the concomitant species

(Meta-intermediates). Hence, attempts to obtain pure Lumi-R component spectra at

this temperature led to less reliable results (see. fig. C.3, bottom). Band analysis of

the distinct Pr and Lumi-R components also confirmed subtle discrepancies between

1H2O and deutered apoprotein spectra were kindly provided by Mina Güenther [73].
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the potential candidates (see fig. C.6). In this respect, global component analysis of

the Pr-to-Pfr temperature evolution was performed using the Prdark and the Lumi-R2

spectra, referred to as Pr and Lumi-R, respectively. Component and global analysis of

the marker region was performed according to subsection 3.7.2.

5.3.2. Global analysis Pr-to-Pfr

Temperature dependent evolution of the Pr-to-Pfr conversion can be interpreted as a

pathway of consecutive decay processes initially triggered by the Pr-to-Lumi-R transi-

tion (see fig. 5.1. and 5.2.) [6, 103]. While the photoisomerization is almost temper-

ature independent and the photoproduct Lumi-R is predominantly observed between

-120 °C and -80 °C, the succeeding thermal decay exhibits a strong temperature

dependency [57, 146]. Concomitant to the Lumi-R depletion, rising of the Meta-Ra

intermediate is observed above -80 °C. Parallel to the Meta-Ra species increase, Meta-

Rc intermediate increment is detected. At -30 °C, it reaches a maximum, whereas the

preceding intermediate decreases. After reaching RT conditions, intermediate contri-

bution is cancelled and the recorded RR spectrum contains pure Pfr contribution. Sys-

tematic errors refer to underestimation of species with low concentrations, especially

of Lumi-R and the apoprotein contribution. In addition, decrease of the Pfr species in

the range of -50 to -40 °C (only in H2O), might be also explained in terms of underes-

timation of the rising Meta-intermediate species. Since the effect is not reflected in the

D2O data-set, the apparent Pfr depletion can be considered to be within the estimated

fitting-error margin (2-3% of the total intensity contribution).

Parent states The Pr contribution in the investigated temperature range shows some

interesting features. The most relevant event refers to the irradiation range between

-140 °C and -30 °C. The Pr state decay occurs in two different steps, which exhibit

distinct temperature dependent-evolution. First, the Pr contribution depletes steadily (-

140 °C to -80 °C), but above -70 °C concentration is sharply lowered (down to 24%).

While far red light irradiation should completely shift the photochemical equilibrium

to the Pr state, a remaining Pfr contribution is observed. Dark relaxation eventually

leads to a single species as observed in the recorded RR spectrum prior irradiation (Pr

state, see fig. 5.4). Unlike the Pr contribution, the residual Pfr concentration remained

constant during the red-light irradiation process, especially in the crucial temperature

range between -140 °C and -70 °C, where the Pr-to-Lumi-R photoconversion takes

place. Thus, contribution of any reverse intermediate from Pfr-to-Pr reaction could be

neglected. While there was indication for a kinetic isotopic effect during intermediate

formation (see fig. 5.4 and fig. 5.5), the Pr-to-Pfr reaction pathway in total was largely

H/D-independent. On the other hand, it appears that in deuterated buffer, either the
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Figure 5.4: Temperature-concentration evolution of the intermediates of the Pr-to-Pfr
conversion in H2O. Each component is coded in a different color: Pr (cyan), Apoprotein
(gray), Lumi-R (green), Meta-Ra (blue), Meta-Rc (orange) and Pfr (magenta). Irradia-
tion conditions (wavelength and temperature) are specified. Pr-to-Pfr evolution is shown
according to the measuring protocol (see fig. 3.4). Concentration values are shown in
table 5.1.

Pfr-to-Pr conversion is more effective then in H2O (less overall Pfr contribution) or

that the thermal conversion occurs faster in D2O.

Intermediates While in H2O, the temperature-independent Lumi-R formation at -

140 °C reaches 4%, in deuterated buffer its contribution is doubled (9%). However,

far red-irradiation (+20 °C) in D2O leads not only to complete Pr formation but appar-

ently it also induces fast Pfr-to-Pr and Pr-to-Lumi-R conversion. The H/D effect is even

more pronounced during the Meta-Ra-to-Meta-Rc formation. In D2O, the Meta-Ra

contribution largely dominates the temperature range between -50 to -30 °C (39-46%

in D2O and 26-34% in H2O), whereas the Meta-Rc contribution is considerably low-

ered (59% in H2O and 19% in D2O). It is tempting to assume, that the proton-uptake

in the Meta-Rc intermediate exhibits a kinetic isotopic-effect [23].
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5.3 Temperature-dependent Pr-to-Pfr evolution in Agp1 phytochrome

H2O temperature profile

T/ °C Capo Pr Lumi-R Meta-Ra Meta-Rc Pfr

dark 0.055 0.942 0.007 0.010 0.005 0.054

+20∗ 0.058 0.903 0.000 0.020 0.011 0.150

-140 0.056 0.876 0.036 0.017 0.011 0.141

-120 0.054 0.859 0.051 0.020 0.010 0.141

-80 0.055 0.824 0.060 0.053 0.006 0.146

-70 0.050 0.784 0.050 0.108 0.013 0.138

-50 0.054 0.567 0.039 0.349 0.059 0.099

-40 0.077 0.495 0.013 0.389 0.147 0.104

-30 0.242 0.236 0.035 0.257 0.589 0.245

+20 0.040 0.000 0.009 0.000 0.000 0.978

+20∗ 0.058 0.873 0.003 0.039 0.013 0.165

Table 5.1: Relative concentrations of the species formed during the Pr-to-Pfr
temperature-dependent conversion in H2O (see fig. 5.4). ‘Dark’ refers to the unexposed
sample and each step induced by far-red irradiation is denoted in italics.

Apoprotein Finally, for the complete temperature series, the contributions of the

apoprotein were quite similar (5-6%). Increasing concentration was detected at -40 °C,

reaching a maximum value at -30 °C, both in H2O and in D2O. In the latter case,

apoprotein contribution reduced to the half then in water. Increase of the apopro-

tein concentration during the last step of the Pr-to-Pfr conversion is directly associ-

ated with the considerably reduced scattering cross-section of both Meta-intermediate

species. The low scattering cross-section of the Meta-intermediates is intimately linked

to reduced oscillator strength [183].

5.3.3. Analysis of the pure component spectra

Full range RR spectra of both parent states and the Pr-to-Pfr intermediate are shown

in fig. 5.6, both in H2O and in D2O (red). In addition, marker band analysis of

each component can be found in fig. 5.6 (fitting values listed in tables E.6 to E.11).

Compared to previous works, all spectra are systematically downshifted (2-3 cm−1).

The deviation is in the range of the spectral resolution and refers solely to slightly

different spectrometer calibration [102, 184].
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Figure 5.5: Temperature profiles of the different pure species along the Pr-to-Pfr conver-
sion in D2O. Concentration values are displayed in table 5.2. Further details are specified
in fig. 5.4.

Pr and Pfr state Pr spectra (both in H2O and D2O) exhibit the same band pattern

as already reported [184, 185]. Accordingly, the chromophore is found in a ZZZssa

geometry with all pyrrole nitrogens carrying a proton (vide infra). This interpretation is

based on the H/D sensitivity of the N-H i. p. band at 1572 cm−1 (N-D 1078 cm−1). In

general, the marker region of all Pr species (Prdark, Prilum−1 and Prilum−2) is dominated

by the band at 1626 cm−1, assigned to the C=C of the CD methine bridge (CD). An

adjacent peak at 1617 cm−1 might also contain contribution of the CD mode of a

second Pr conformer. Alternatively, it might contain contribution of the BC mode (vide

infra). A doublet peak observed as two shoulder at 1639 and 1649 cm−1 was assigned

to the C=C mode of the AB bridge. Finally, at 1592 cm−1 the low-frequency shoulder

of the CD peak was assigned to the C=C stretching vibration of the BC methine group.

BC mode assignment is also supported by selective 13C10-BV-chromophore labelling

(vide infra).

In agreement with the Pfr state vibrational analysis in Agp1 phytochrome [159],

band fitting of the crowed C=C stretching region in the Pr state was only possible after
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5.3 Temperature-dependent Pr-to-Pfr evolution in Agp1 phytochrome

D2O temperature-concentration profiles

T/ °C Capo Pr Lumi-R Meta-Ra Meta-Rc Pfr

dark 0.051 0.942 0.005 0.008 0.000 0.000

+20∗ 0.062 0.870 0.045 0.012 0.016 0.098

-140 0.063 0.843 0.081 0.010 0.015 0.099

-120 0.059 0.822 0.105 0.011 0.014 0.099

-80 0.054 0.745 0.128 0.072 0.013 0.100

-70 0.051 0.705 0.107 0.134 0.010 0.107

-50 0.043 0.485 0.069 0.388 0.038 0.104

-40 0.059 0.392 0.041 0.462 0.101 0.128

-30 0.107 0.340 0.029 0.402 0.257 0.183

+20 0.053 0.000 0.005 0.000 0.000 0.964

+20∗ 0.058 0.830 0.066 0.044 0.000 0.083

Table 5.2: Relative component concentration values of the Pr-to-Pfr temperature depen-
dent evolution measured in D2O (see fig. 5.5). Further details are specified in table 5.1.

considering an increase number of bands as predicted by calculations [184]. This is

particularly the case for the AB doublet and CD shoulder. It is also an unambiguous

indication of structural heterogeneity in the Pr state of Agp1 [185].

Intensity deviations in all different Pr species are detected, which are even more

evident in D2O, especially for the strongest CD peak (see tables E.6 and E.7). Fit-

ting of the broad CD band required an additional Lorentzian-function at 1614 cm−1.

Generally C=O stretching modes are poorly or non-Raman-active, however a peak at

1717 cm−1 was assigned to the C19=O group (ring D) and is in excellent agreement

with IR measurements. In D2O, two possible C=O peaks were detected at 1704 and

1715 cm−1. The low RR intensity of the C=O modes compromises any comparison

with IR difference spectra.

Vibrational analysis of the Pfr state is extensively discussed in chapter 6. According

to this and previous investigations, the chromophore adopts a cationic ZZEssa geome-

try and denotes also an intrinsic heterogeneity [136, 159, 184].

Lumi-R Like the Pr state, band analysis of the Lumi-R spectra clearly required

more Lorentzian functions than expected vibrational modes. In the marker band

region of the Lumi-R species, three predominant peaks were found at 1596, 1629 and

1564 cm−1 (see fig. 5.6). The latter peak is downshifted to approx. 1073 cm−1 after
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Figure 5.6: RR spectra of the pure species (parent states and intermediates) of the Agp1
Pr-to-Pfr conversion. Spectra recorded in H2O (D2O) are shown in solid black (red). The
shift of the N-H (N-D) i. p. mode during the photocycle is shown in dotted black (red)
lines.

H/D exchange and can be therefore assigned to the N-H i. p. mode. The remaining

two peaks reveal less H/D sensitivity and refer to the CD and AB mode, respectively.

This assignment is based on the downshift of the CD mode after Z/E isomerization

(-30 cm−1). Contrary to the large CD mode displacement, the frequency downshift

of the AB mode is less pronounced (-9 cm−1). This is reasonable since the protein

environment is largely in Pr state and photoinduced structural changes are restricted to

the rings C and D. The position of the BC mode is less evident and according to the

band analysis, it might be localized between 1600 and 1610 cm−1. Band assignment
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D2O (right). Recorded spectra are displayed in solid black, the overall fit in red, and
single band functions are shown in gray (details of color nomenclature in section 3.9.1).
Fitting parameters are given in tables E.6 to E.11.

in the marker region is in good agreement with the vibrational analysis of the Lumi-R

intermediate in phyA phytochrome [103].

In addition, the downshift of the CD mode due to the Z/E isomerization is accom-

panied by characteristic Lumi-R features in lower frequency regions. The most impor-

tant is the strong HOOP band at 818 cm−1 with a shoulder at 839 cm−1 [103]. Only

the latter displays H/D sensitivity and is downshifted to 826 cm−1. Finally, around

1300 cm−1 a complex band envelope with a maximum at 1312 cm−1 was observed.

This feature disappeared after H/D exchange.
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5. Results: Pr-to-Pfr chromophore changes in protypical phytochromes

Meta-Ra This intermediate species shows a maximum concentration at -50 °C, but

Lumi-R-to-Meta-Ra conversion already occurs at lower temperatures (-80 °C). In this

stage of the Pr-to-Pfr conversion, the chromophore is protonated, as indicated by the

H/D sensitivity of the N-H peak at 1570 cm−1 (N-D 1076 cm−1). The most prominent

peak was found at 1621 cm−1 with a shoulder at 1646 cm−1. Here the H/D sensitivity is

less pronounced as in the Lumi-R and Pr spectra (1616 and 1642 cm−1, respectively).

Following previous assignments, the strongest peak should be due to the CD mode,

however this would imply an upshift of +25 cm−1, almost comparable to the Pr-to-

Lumi-R Z/E-downshift. Furthermore, the C=C stretching region is to some extent

reminiscent of the Pr spectrum, in contrast to the HOOP and the 1300 cm−1 region.

As expected, the Lumi-R HOOP-marker band disappeared and instead a doublet at 808

and 793 cm−1 was observed. In addition, an intensity decrease in the i.p. region is also

detected (1250-1350 cm−1).

Unlike the meta-Ra of plant phytochrome, the chromophore band features are rather

sharp and well defined [102]. Thus, spectral similarities were found with the Meta-Ra

species in Cph1∆2 [145]. Compared to the previous intermediate in Agp1, the signal-

to-noise-ratio increase might be associated to stronger Meta-Ra contribution to the raw

spectrum.

Meta-Rc The broad spectral features in the marker region and the poor H/D sensitiv-

ity of the Meta-Rc intermediate compromise any clear band assignment (see fig. 5.6 and

fig. 5.7). Hence, band-fitting was solely restricted to reproduce the complete marker

region, neglecting extreme sharp, broad or negative Lorentzians. Thus, band analy-

sis did not provided conclusive structural information regarding the C=C stretching

modes. However the large number of band components required for a good fit is a

strong indicator of a mixture of sub-intermediate species. Under the experimental con-

ditions only a non-equilibrium distribution of these sub-states is then cryogenically

trapped. Furthermore, the overall spectral intensity of the Meta-Rc states is rather low

and in the range of the apoprotein contribution (see ref. [184]).

In agreement with previous investigations, no N-H/N-D i.p. mode of the rings B and

C was observed. Thus, the pyrrole nitrogens of rings B and C share a proton group

and the BC moiety lacks the positive charge. Despite the complexity of the crowded

C=C stretching region, the position of the CD mode can be derived by comparing the

Pfr with the Meta-Rc band analysis. Here we found two peaks which might be the

assigned to this mode at 1591 and 1602 cm−1 (see tables E.10 and E.11).

Furthermore, the HOOP and OOP bands are missing, instead a relatively promi-

nent peak at 972 cm−1 (967 cm−1 in D2O) and a band at 726 cm−1 (720 cm−1)

were observed. In addition, the region around 1300 cm−1 shows also poor H/D

sensitivity. This range is dominated by a triplet with a maximum at 1267 cm−1 and
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5.4 Pr-to-Pfr conversion in Rph2 phytochrome and PHY domain role

two further bands at 1294 and 1224 cm−1. While the maximum is downshifted to

1259 cm−1 in D2O, the remaining peaks are not H/D sensitive. Finally at 1095 cm−1,

both in H2O and D2O a peak with medium intensity was observed.

5.4. Pr-to-Pfr conversion in Rph2 phytochrome and PHY domain

role

According to time-resolved spectroscopy, the Rph2 phytochrome of Rhodopseu-

domonas palustris undergoes a similar Pr-to-Pfr photoconversion as Agp1 phyto-

chrome, especially regarding the Pr-to-Lumi-R transition [201]. Here, we investigated

the role of the PHY domain in Rph2 phytochrome during the Pr-to-Pfr transition, since

it is intimately linked the β-sheet-to-α transition of the tongue motif [187, 190, 191].

In this respect, we collected RR spectra of the parent states (dark state and RT photo-

product) and intermediates in the complete Rph2 photosensory domain (Rph2-PGP),

largely equivalent to the Agp1-FMR phytochrome and CphB-fl. Finally, we investi-

gated the equivalent reaction pathway of the PAS-GAF-only protein (Rph2-PG).

5.4.1. Pr-to-Pfr transition and chromophore structure in the Pfr state

RR Pr state The cationic as well as the heterogeneous nature of the bilin structure

in the Pr state, have been already characterized by RR spectroscopy [206]. In that

work, the focus was set on the fluorescence properties of the Pr state of Rph2 and the

structural parameters that control the NIR emission of the excited bilin (for a detailed

description see chapter 7). In general, the Pr spectra of the photosensory domain,

chromophore-binding domain and the fluorescent-variant (Rph2-PG, -PGP and IRFP)

are largely similar, indicating also strong similarities to the Pr spectra of CphB and

Agp1 phytochromes. Hence, the chromophore adopts in all cases a similar ZZZssa

structure. Compared to other protypical phytochromes, Rph2 (PG and PGP variants)

reveals a higher intensity of the CD HOOP and ring D OOP mode, suggesting a more

rigid chromophore structure in the Pr state. Furthermore, despite the spectral similarity

in the marker region, deletion of the PHY-domain led to an slight upshift of +4 cm−1 of

the HOOP at 806 cm−1 (Rph2-PGP). In addition, the OOP at 654 cm−1 shows an

intensity increase compared to adjacent bands. The structural rigidity is even more

pronounced in the IRFP-mutant, which also displays interesting features in the marker

region, especially regarding the AB and CD methine bridges (see chapter 7).

RR Pfr state/Photoproduct Deletion of the PHY-domain impaired the bona fide Pfr

formation as implicated by comparison of the RR spectra of both phytochrome variants

(see fig. 5.8 and fig. 5.9). In both species the peak at 1548 cm−1 (1062 cm−1 in D2O)
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Figure 5.8: Resonance Raman spectra of the Pfr and Pr state from the PAS-GAF-PHY
Rph2 deletion mutant (Rph2-PGP, top and bottom layer) and the corresponding Pfr-Pr
IR difference spectra (middle layer). The spectra were measured in H2O and D2O.

was assigned to the N-H i. p. mode. Hence, the cationic nature of the chromophore

remained unaffected after PHY-domain deletion. In the PGP-variant a clear and unam-

biguous HOOP CD peak at 806 cm−1 with a small shoulder at 802 cm−1 was observed

(see fig. D.2). However, this feature –the most characteristic Pfr state signature– disap-

peared in the PG-variant [159]. Instead, this region was dominated by a Lumi-R-like

peak at 819 cm−1 (see fig. 5.9). While the interpretation of the HOOP region coincides

with a tensed geometry (Lumi-R-like band), the remaining spectral regions correspond

to a more relaxed bilin structure. In addition to the characteristic HOOP mode, the

PGP-variant, exhibit a peak at 841 cm−1 which downshifted after H/D exchange. This
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5.4 Pr-to-Pfr conversion in Rph2 phytochrome and PHY domain role

peak presumably involves deformation modes with contributions of the pyrrole nitro-

gens.

The OOP mode of ring D was detected at 653 cm−1 (PGP-variant). PHY-deletion

leads to an upshift to 659 cm−1, including an intensity increase. Concomitantly, an

almost H/D insensitive peak was observed at 726 cm−1 (724 cm−1 in D2O). In addition

to deformation modes, contribution of the S-C stretching mode of the thioether group

at the binding site (ring A and C13) is expected [185].

Despite similar N-H i. p. frequency in Rph2-PG and Rph2-PGP, the C=C stretching

modes in the marker region reveal large discrepancies. The most prominent C=C peak

at 1599 cm−1 (D2O 1592 cm−1) in the Pfr spectrum of the PGP-variant was assigned

to the CD mode. A shoulder at 1608 cm−1 is assigned to the C=C AB mode. Beneath

this broad feature, a band doublet was fitted to the spectrum (see fig. D.2) in accordance

with the Pfr state in Agp1 and other prototypical phytochromes [159]. The BC peak

could only be indirectly assigned at 1584 cm−1 (1575 cm−1 in D2O) by comparison

with the isotopic shift observed in Agp1 and CphB assembled with 13C10-BV (includ-

ing H/D exchange) as well as with the Rph2 Pfr IR difference peaks (see fig. 5.8) and

its corresponding H/D displacement.

After PHY-domain deletion, the CD mode of the RT photoproduct upshifted to

1606 cm−1 (1599 cm−1 in D2O). Following the previous assignment, the BC mode

was identified at 1578 cm−1 in the difference IR spectrum (1573 cm−1 in D2O). How-

ever, assignment in the RR spectrum was less conclusive due to the overlap with a

shoulder at 1586 cm−1. This feature contains probably also a stronger contribution of

the AB modes, generally observed as high-frequency-shoulder of the CD mode (around

1610 cm−1). Above the prominent CD peak only a small shoulder at 1621 cm−1 was

observed.

Finally, the photoproduct spectrum of the Rph2-PG phytochrome and the Pfr spec-

trum of the photosensory domain exhibit three bandsaround 1300 cm−1 with the most

intense one at 1296 and 1293 cm−1 respectively. This feature disappeared after H/D

exchange.

5.4.2. C=O mode assignment in Rph2 and CphB and IR amide-I band

analysis

Attempts in assigning the bilin C=O stretching modes (rings A and D) have been

already undertaken by steady-state [70, 187], as well as pico-second infrared measure-

ments [200]. However, lack of specific-isotopic labelling compromises these analyses.

A peak at 1712 cm−1 was observed in the both (PGP and PG) Pr RR spectra (see

bottom layer in fig. 5.8 and fig. 5.9). Generally, only the C19=O stretching of ring

D displays a reasonable RR intensity. Hence, it can be tentatively assigned to this
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Figure 5.9: Resonance Raman spectra of the Pfr and Pr state of the PAS-GAF deletion
mutant from the Rph2 phytochrome (Rph2-PG, top and bottom layer). Additionally, the
corresponding Pfr-Pr IR difference spectra are displayed (middle layer). The spectra
were measured in H2O and D2O.

mode. Still, the C19=O peak contribution is very low compared to the prominent CD

C=C stretching band (C19=O/CD = 0.01). However, it is clearly over the signal-to-

noise limit. According to both RR spectra (PGP and PG), this peak downshifted to

1702 cm−1 after H/D exchange. Interestingly, only in the IR difference spectrum of

the PG-variant, this C=O mode was unambiguously identified at the same frequency

ashowing a similar H/D downshift as in the RR spectrum. In addition, ring A C1=O

band could be identified at 1737 cm−1 (1727 cm−1 in D2O). This peak exhibits a larger

bandwidth indicating a higher mobility at the C1=O then at the C19=O. According
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to the Pr structure (see fig. 2.4) the C19=O is clearly interacting with the adjacent

histidine, whereas the C1=O is only weakly hydrogen bonded by solvent molecules.

In the RR spectrum a weak band at approx. 1729 cm−1, with a broad high-frequency-

shoulder was tentatively assigned to this mode. Due the low band intensity, assignment

is less accurate then for the ring D C19=O group.

The overall assignment seems relative plausible and is in good agreement with pre-

vious results. However, in the D2O spectrum, a remaining band at 1709 cm−1 was

observed, indicating either incomplete H/D exchange at ring D or overlap with pep-

tide carbonyl groups. Both Rph2 variants show an additional Pr difference band at

1690 cm−1 (1689 cm−1 in D2O). This peak was assigned to the protein moiety [187].

Future protein isotopic labelling experiments and low temperature IR measurements

should uncover the nature of this band. Regarding the assignment of the C1=O mode,

the thermal mobility might influence the vibration frequency leading to discrepancies

between RR (low temperature) and IR (RT).

In agreement with the PG-variant, an IR-active peak at 1733 cm−1 (1726 cm−1 in

D2O) was assigned to ring A C=O mode (see fig. 5.10 left panel). Also in the RR

spectrum, a similar feature with equivalent H/D displacement was observed. On the

other hand, assignment of the ring D C=O mode was less conclusive. First, the Pr and

Pfr state reveal similar RR active C=O modes at 1712 cm−1. This might implicate

that the structural changes in the chromophore and the hydrogen bonding barely affect

this specific mode. Alternatively, Pr/Pfr frequency overlap occurs solely by coinci-

dence. H/D-displacement of ring D C=O mode in the Pr and Pfr spectrum was clearly

observed in the RR spectrum (-10 and -13 cm-1 cm−1). However a remaining contribu-

tion at 1712 and 1710 cm−1 for both parent states suggested either an incomplete H/D

exchange or structural inhomogeneity. While the first assumption seems to be rather

unlikely, the broad Pfr peak with a maximum at 1717 cm−1 in the difference IR spec-

trum might support the coexistence of at least two parent state conformers, which can

be identified based on the slightly different C=O vibrational frequencies. This might

be correlated to the unusual H/D displacement in the RR spectra of both parent states,

thereby supporting the view of a structural inhomogeneity (vide supra).

Regarding the carbonyl stretching assignment in the red light photoproduct of the

PG-deletion mutant, no C=O bands could were identified in the RR spectrum. Thus,

the ring A C=O mode was identified in the difference IR spectrum at 1726 cm−1 with a

-6 cm−1 downshift after H/D exchange. The corresponding ring D C=O band might be

cancelled due to the vicinity of the dominant Pr state counterpart. Alternatively, ring

D might be involved in a keto-enol (lactam-lactim) tautomerization with an apparently

dominant and stable enolic form [207]. However further spectroscopic investigations

are required to confirm this possible explanation.
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Figure 5.10: Carbonyl stretching region of the Resonance Raman Pfr and Pr spectra (top
and bottom layer) and Pfr-Pr IR difference spectrum (middle layer). Both H2O and
D2O spectra were rescaled for a suitable band analysis of the C=O modes. Left panel
corresponds to the parent state spectra of the Rph2 PAS-GAF-PHY variant (PGP). The
right panel contains the vibrational spectra of the parent states in the PAS-GAF deletion
mutant (PG).

CphB C=O modes in parent state RR spectra In the Pr state, a band at

1714 cm−1 was assigned to the C=O mode of ring D (1704 cm−1 after H/D exchange).

The shoulder at 1731 cm−1 correspond then to the C=O mode of ring A (1714 cm−1 in

D2O). This assignment is in line with IR data of phytochrome Agp1 [140], as well as of

the Rph2 phytochrome (see fig. 5.13 bottom). In case of the Pfr species, only a single

band, namely ring D C=O, was observed at 1712 cm−1 (1707 cm−1 in D2O).
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5.4.3. Pr-to-Pfr intermediates of the Rph2 photosensory domain

Lumi-R The first intermediate species could be only trapped above -70 °C, thus the

Pr-to-Lumi-R transition in Rph2-PGP occurs at a higher temperature than in Agp1

phytochrome (see fig. 5.11 and fig. 5.6). Despite that, all spectroscopic features are

largely conserved. First, the chromophore remains protonated as derived from the N-H

i.p. observed at 1569 cm−1 (D2O ca. 1072-6 cm−1). Interestingly, the Pr-to-Lumi-R

N-H shift is less pronounced as in Agp1 (-3 cm−1 compared to -8 cm−1).

Secondly, compared to the Pr state, the CD mode downshifted to 1593 cm−1 (≈
-30 cm−1). The poor H/D sensitivity might be related to a reduced contribution of

ring D pyrrole N-H group (-3 cm−1). Consistent with the assignment in Agp1 (vide

supra), the Lumi-R BC mode might be overlapping with the prominent CD peak and

the doublet at 1619 and 1626 cm−1 contains contribution of the AB mode. This rather

broad band envelope indicates probably structural inhomogeneity. In D2O, the doublet

maximum downshifted to 1613 cm−1.

Like a prototypical Lumi-R species, a strong band, corresponding to the CD HOOP

mode, was observed at 823 cm−1 with a shoulder at 836 cm−1 (820 and 829 cm−1 in

D2O). The broad peak structure also supports the view of at least two coexisting Lumi-

R subspecies. Ring D OOP mode was assigned to peak at 653 cm−1 (656 cm−1 in

D2O).

In addition to the marker region changes and the typical intensity increase of the

HOOP feature, the region around 1300 cm−1 reflects a specific Lumi-R fingerprint

with its three-banded structure observed in all prototypical phytochromes. Unlike both

parent state spectra, the almost absent peak at 1004 cm−1 indicates negligible protein

contribution. Hence, the region around 1300 cm−1 corresponds to chromophore bands

without any overlapping with the amid-III modes. Like in Agp1 phytochrome, it can be

assumed that this region involves modes with contributions of the pyrrole N-H groups

[184].

Meta-Ra In agreement with Agp1 phytochrome, Meta-Ra was trapped at -50 °C (see

middle layer of fig. 5.11). At this stage of the Pr-to-Pfr conversion, the protein residues

surrounding the chromophore undergo partial reorientation affecting the bilin geome-

try. In the RR spectrum this is mainly reflected by the upshift of the prominent CD band

to 1620 cm−1. This peak downshifted to 1610 cm−1 in D2O, uncovering a less H/D

sensitive shoulder at 1625 cm−1. Probably this feature contains ring D C=C stretching

contributions. The AB mode is presumably located at a poorly H/D sensitive doublet-

shoulder with peaks at 1641 and 1650 cm−1. Like in Agp1 phytochrome, assignment of

the BC mode is obscured due to overlap with the CD peak. Only in deuterated medium,

a peak at 1571 cm−1 might be tentatively assigned to the BC mode. Despite the struc-

tural rearrangements associated with the CD band uphsift, the N-H band remained

117



5. Results: Pr-to-Pfr chromophore changes in protypical phytochromes

 600  700  800  900  1000  1100  1200  1300  1400  1500  1600  1700

1062

689

1321

805 817

792
790

806
1494

PHE
1004

803

653
661

672

674 1242
1235

1326

13181284

1296

655

653

691
841

834

1235
1232

1279
1296

1498

653
650
662

836

823
820

829
1072

1124

1316
1304

1284

675

661
796

810

1076
N−D

1076

1241

1245
1287

1302

1318

1325

1275 1316

1296

661

659

819
820807

858
865

Pr state

Pfr state

Meta−Rc

Meta−Ra

Lumi−R

∆ν / cm−1

Rph2-PGP, H/D

Rph2-PGP, H/D

Rph2-PGP, H/D

Rph2-PGP, H/D

Rph2-PGP, H/D

 1500  1600  1700

1650

1639

1625

1623

1572
1540

1548
N−H

1592

1599

1604

1608

1575

1584

1589
1596

1620
1615

1543

1569

1593
1590

1613

1626

1619

1569

1537

1671

1610

1625

1620

1650

1641
1653

1549
1544

1593

1625

1614

1645

1665

1604

1579

∆ν / cm−1

Figure 5.11: Resonance Raman spectra of the parent states and intermediates of the
Pr-to-Pfr conversion of the Rph2 sensory module (Rph2-PGP), measured in H2O and
D2O. Intermediate spectra are displayed according to the increasing trapping tempera-
tures (Lumi-R → Meta-Ra→ Meta-Rc).

unshifted compared to the Lumi-R spectrum. However the higher SNR-value allowed

the identification of the N-D mode at 1076 cm−1.

Lumi-R-to-Meta-Ra conversion includes also intensity decrease in the HOOP

region. Concomitantly, only two small peaks were observed at 810 and 706 cm−1 with

negligible H/D sensitivity. The OOP mode of ring D was observed at 661 cm−1.

Meta-Rc Formation of the deprotonated Meta-Rc intermediate occurred also in

agreement with Agp1 (-30 °C). However, the band pattern was somehow differ-
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5.4 Pr-to-Pfr conversion in Rph2 phytochrome and PHY domain role

ent. Especially concerning the H/D sensitive modes, as well as the HOOP region.

Unlike Agp1, the Meta-Rc intermediate of Rph2 showed a strong similarity with

the succeeding Pfr spectrum. First, a broad and relatively strong HOOP band was

located at 819 cm−1 (820 cm−1 in D2O) and secondly an equally prominent peak

at 656 cm−1(659 cm−1 in D2O) assigned to the ring D OOP was observed. Within

the marker region, the CD band was detected at 1604 cm−1 (1593 cm−1 after H/D

exchange). The AB band is presumably located at 1625 cm−1 in H2O and at

1614 cm−1 in deuterated buffer. Two small peaks at 1645 and 1665 cm−1 were

detected. The frequency of the latter one matches with the Agp1 Meta-Rc. In view

of the position and poor H/D sensitivity this mode might correspond to a pyrrole ring

or a vinyl C=C stretching mode [184].

While the region around 1300 cm−1 shows H/D sensitive bands, no evi-

dence of an N-H i. p could be found. Instead a poorly H/D sensitive peak at

1549 cm−1 (1544 cm−1 in D2O) was observed. This clearly differs from the Meta-Rc

species of Agp1, in which the 1300 cm−1-region reveals a very poor H/D sensitivity.

According to the analysis of the C=C and HOOP region, it appears that in Rph2-PGP

the Meta-Rc intermediate already adopts a Pfr-like geometry but lacks full protonation.

5.4.4. PHY-domain deletion alters intermediate formation

After deletion of the PHY domain, the chromophore geometry in the Pr state remained

largely unaffected. However, the RR investigation denotes a perturbation of the Pr-to-

Pfr pathway already at the earliest stage of the reaction. Following the same cryogenic

trapping protocol as for the PGP-variant (vide supra), two intermediate species were

detected at -70 and -30 °C (see fig. 5.12).

Lumi-R’ According to the irradiation temperature, the first intermediate spectrum

would correspond to the Lumi-R species, however the missing C-terminal domain

already altered the photoproduct, leading to a highly distorted Lumi-R’ species. The

Pr-photoproduct displayed the typical isomerisation-induced downshift of the CD

mode to 1605 cm−1 (ν(Lumi-R’-Pr) ≈ -20 cm−1) and the expected H/D-downshift

(1600 cm−1in D2O). A doublet at 1613 and 1618 cm−1 was assigned to the AB

mode. The corresponding H/D downshift probably leads to a partial displacement of

the AB doublet under the CD peak. Unambiguous assignment of the BC mode was

not achieved. According to previous observations in the Rph2-PGP and Agp1 phyto-

chrome, this vibrational mode might be assigned to the low frequency shoulder of the

CD band.

Compared to the PGP Lumi-R intermediate, the CD mode was found upshifted

(+12 cm−1), whereas the AB mode is slightly downshifted (-6 to 8 cm−1). Hence,
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Figure 5.12: Resonance Raman spectra of the parent states and Pr-to-Pfr intermediates
from the Rph2 PAS-GAF deletion mutant (Rph2-PG). The spectra were measured in
H2O and D2O. Intermediate spectra are displayed according to the corresponding trap-
ping temperature (Lumi-R → Meta-Rc).

it can be assumed that the lack of the PHY-domain induces an enhancement of the

AB double bond at expenses of the shorted CD C=C bond. The H/D sensitive band at

1567 cm−1 was assigned to the N-H i. p. (≈ 1069 cm−1 in D2O). However, a residual

peak at 1570 cm−1 was observed in deuterated buffer. A possible CD HOOP band was

observed at 867 cm−1, corresponding to an +44 cm−1 upshift compared to the Lumi-R

intermediate in the sensory domain. In addition, this band shows a lower intensity. The

region between 600-700 cm−1 displayed also poor RR intensity. Based on the absence

of the low frequency Lumi-R marker bands it can assumed that the lack of the PHY
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domain allows for a more relaxed geometry at the CD bridge after Z/E isomerization.

Only the region around 1300 cm−1 (vide supra), probably containing strong contribu-

tions of the inner pyrrole nitrogen groups (rings B and C) remained largely unaffected

after PHY-deletion.

Meta-Rc’ In the PG-variant Lumi-R-to-Meta-Ra decay (at approx. -50 °C) is not

observed. The Lumi-R’ intermediate decays at -30 °C to a Meta-Rc’ species display-

ing strong homology to the Rph2-PGP, Agp1 and CphB Meta-Rc spectrum. It seems

that the PHY-domain plays an important role in stabilizing the Meta-Ra intermediate.

Removal of this C-terminal domain hinders cryogenic trapping of this species.

The general features of a deprotonated chromophore prevailed among the whole

spectral range. A detailed inspection of the marker region revealed strong similarities

to the Meta-Rc of Agp1. However, it showed distinct vibrational pattern to the Rph2-

PGP homologue. According to the increased noise level in the D2O spectrum it is

tempting to assume a similar isotopic effect as in Agp1. In this respect the Meta-

Rc formation is partially hindered in D2O (see fig. 5.12). Interestingly, it seems that

the band at 1665 cm−1 is a common feature of the Meta-Rc intermediate among the

investigated phytochrome variants (vide supra).

5.5. RR Characterization of the CphB Phytochrome

Following the irradiation protocol for Agp1 and previous investigations [184], the Pr-

to-Pfr pathway in CphB was investigated. Differences in frequencies of the parent

state spectra compared to previous measurements are due to a different spectrometer

calibration [184].

5.5.1. Pr-to-Pfr Intermediates

Lumi-R The first intermediate species was detected at -50 °C. The CphB Lumi-R

spectrum displayed strong similarities to Agp1 and Rph2 phytochrome, even when

the irradiation temperature considerably differed. The strongest peak (see fig. 5.13),

namely the CD band was observed at 1593 cm−1 (1589 cm−1 in D2O). In agreement

with Agp1 and Rph2-PGP, the Z/E isomerization leads to a -31 cm−1 downshift com-

pared to the Pr state. Following the previous band analysis, the AB band doublet was

observed at 1615 and 1629 cm−1 (1606 and 1626 cm−1 after H/D exchange). Finally

the BC band was probably located under the prominent CD peak. In agreement with

Agp1, the N-H i. p. band was observed at 1564 cm−1. In deuterated buffer the cor-

responding N-D mode was tentatively assigned to a band at 1071 cm−1. A strong and
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broad CD HOOP mode was observed as double peak at 831 and 822 cm−1, in agree-

ment with Rph2, Agp1 and even phyA phytochrome. At lower frequencies the ring

D OOP deformation mode [126] was assigned to the peak at 655 cm−1 (659 cm−1 in

D2O). Like in both BV-binding phytochromes, a strong H/D sensitive band triplet was

observed in the region around 1300 cm−1 with prominent peaks at 1311, 1301 and

1321 cm−1.

The intermediate formation and decay is highly susceptible to the buffer capacity and

ionic strength (vide infra). Due to the overlap of the Pr and Lumi-R Q-band [201], back

conversion to the Pr state cannot be excluded. The usually high Lumi-R temperature

formation suggests a considerably higher activation barrier as in Rph2 and especially

in Agp1. However, the chromophore still adopts a tensed geometry as derived from

the characteristic HOOP band. This indicates that the Pr-to-Lumi-R transition clearly

depends on the phytochrome specific protein-cofactor interaction.

Meta-Ra The subsequent Lumi-R-to-Meta-Ra temperature-dependent transition is

largely in agreement with the other two BV-binding phytochromes (-40 °C). Due to

the strong similarity of marker bands to the Pr spectrum, the assignment of the putative

Meta-Ra specie in CphB is partially compromised.

The most striking difference between this intermediate and the Pr spectrum was

noted for the frequency of the N-H i. p. (see fig. 5.13), which was observed at 1575

cm−1 and downshifted to 1078 cm−1 in D2O (∆∆ν(Meta−Ra/Pr) = +4 cm−1). Com-

pared to the Meta-Ra intermediates in Rph2 and Agp1, this mode was upshifted +6 and

+5 cm−1 respectively.

The strongest band, corresponding to the CD mode, was identified at

1623 cm−1 with a downshift to 1615 cm−1 in D2O. The broad envelope con-

tains at least two equally intense bands, one displaying a H/D-downshift as observed

in the Pr spectrum (see fig. 5.13, third layer from the top) and a second one with low

H/D sensitivity. The AB band was assigned to the peak at 1649 cm−1(1645 cm−1 in

D2O). Between the CD and the AB bands a broad feature was identified (see Agp1

Meta-Ra spectrum in fig. 5.6). After H/D exchange it downshifted under the promi-

nent CD peak. Concerning the BC band, this was tentatively assigned to a shoulder at

1604 cm−1.

In the HOOP region, a band doublet at 806 (803 in D2O) and 794 cm−1 was

observed. The ring D OOP mode was assigned to a peak at 651 cm−1 (D2O-upshift to

659 cm−1). Both deformation features are in agreement with Agp1 and Rph2 phyto-

chromes. Finally, the region around 1300 cm−1 displays also similar spectral fea-

tures. Apparently, the most interesting feature is a H/D sensitive peak at 1298 cm−1 (+

4 cm−1 in Rph2), which is observed among all three BV-binding phytochromes.
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Figure 5.13: Resonance Raman spectra of the intermediates of the Pr-to-Pfr conversion
of CphB phytochrome. Spectra recorded in H2O (D2O) are shown in solid black (red).
Cryogenic trapping of the Meta-Rc intermediate in D2O was not possible. Notations are
in agreement with fig. 5.6.

Meta-Rc The Meta-Rc spectrum of CphB was detected at -30 °C, corresponding

equal intermediate formation-temperature and largely similar band features as in Agp1

and Rph2. However, a pure D2O spectrum could not be obtained. The H/D-exchange

implies reduction of the Meta-Ra-to-Meta-Rc decay in Agp1 and Rph2. In this respect,

impaired Meta-Rc formation in D2O might be even pronounced in CphB. Furthermore,

Meta-Rc formation is strongly dependent on the ionic strength (vide infra).

The strongest band in the whole spectral range was again assigned to the CD mode

(1600 cm−1). The AB mode was ascribed to the peak at 1623 cm−1. The peak at
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1586 cm−1, was tentatively assigned to the BC mode. Like the Meta-Rc spectrum of

Agp1 and Rph2 an interesting peak was observed at 1665 cm−1 (see fig. 5.13).

5.5.2. Role of the ionic strength towards the Pr-to-Pfr pathway

The CphB phytochrome was measured in two different aqueous buffers: TRIS (50 mM

TRIS, 300 mM NaCl, 5 mM EDTA), and phosphate buffer (10 mM K2PO4 /KHPO4,

5 mM DTT, 2 mM EDTA), both adjusted to the same pH value (pH = 7.8). The

TRIS buffer contained a considerably higher buffer capacity and specially a higher

ionic strength. The parent state spectra recorded in TRIS or phosphate buffer were

largely similar. However, detailed band inspection revealed some spectral discrepan-

cies. Finally, a clear assignment or identification of the influence of the buffer is rather

complicated and beyond the scope of the current work. A systematic analysis of of

the Pr-to-Pfr conversion under defined buffer capacity and ionic strength is needed to

derive quantitative conclusions.

Pr state In the marker region of the Pr spectrum recorded in phosphate buffer, an

intensity increase of the AB band at 1647 cm−1 occurred at the expense of the adjacent

shoulder at 1638 cm−1 (see fig. 5.14). Concomitantly, the broad CD band envelope

exhibited a sharper form. Additionally, in the region around 1300 cm−1 some spectral

deviations were detected. Most notable is the rise of a small band at 1298 cm−1.

Lumi-R The influence of the buffer gained relevance after analysis of the intermediate

spectra. While in phosphate buffer the Lumi-R intermediate is completely formed. The

spectra recorded in TRIS buffer denoted a distinct band pattern. First, the CD HOOP

peak experienced intensity decrease whereas the C=C stretching region already contain

bands assigned to the Meta-Ra intermediate.

Meta-Ra At an irradiation temperature of -40 °C the Meta-Ra spectrum was recorded

in both CphB preparations (TRIS and phosphate buffer).

Meta-Rc Proton uptake and subsequent Meta-Rc formation is impaired under low

ionic strength. This assumption is based on the analysis of the recorded spectrum

in phosphate buffer (-30 °C), which clearly denoted large similarity to the Meta-Ra

species.

Pfr state Most remarkable spectral differences were found in the HOOP region.

While an intensity decrease of the CD HOOP doublet was detected, an additional peak
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Figure 5.14: Comparison of the Pr-to-Pfr Resonance Raman spectra of CphB phyto-
chrome measured in phosphate and in TRIS H2O buffer. Additional bands and spectral
differences are indicated in green.

gained intensity at 833 cm−1 (see fig. 5.14 bottom)). It is known that the characteris-

tic HOOP band is highly sensitive to even slight variations of the surrounding [159],

implying modifications in the subconformer population. However, it seems that Pfr

formation is independent from the buffer type.
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5.5.3. Pr-to-Pfr: influence of the ionic strength in Agp1 and Cph1

phytochrome

In a further attempt to understand the role of the ionic strength and (buffer capac-

ity) towards the Pr-to-Pfr pathway, parent state and intermediate spectra of Agp1FMR

and Cph1∆2 phytochrome were recorded under the same conditions as in CphB (vide

supra).

Parent state spectra and intermediate species (without the contribution of both parent

states) are displayed in fig. 5.15 and fig. 5.16. The intermediate spectra contained then

an unknown mixture of intermediate-species. In this respect, it is remarkable that in

both phytochromes, the chromophore in the Pr state is already affected after buffer

exchange (TRIS-to-phosphate). While the observed deviations are rather small, the

structural implications of the parent state subconformer population-tuning are highly

relevant for the intermediate formation and subsequent Pfr decay.

Agp1 In agreement with CphB but in contrast with Cph1D2 phytochrome (vide

infra), the ionic strength of the buffer has a small effect in the parent states and a

remarkable influence of the initial Lumi-R formation. This is especially revealed in the

marker region (see fig. 5.15).

Pr state Regarding the Pr state measured in phosphate buffer, an intensity increase

of the CD shoulder located at 1622 cm−1, at the expense of the AB C=C stretching

bands (approx. 1650 cm−1), a small downshift of the N-H i. p. and a +2 cm−1 upshift

of a band at ca. 1530 cm−1 were observed . Furthermore, an increase of a peak at

1297 cm−1 was recorded.

Pfr state In phosphate buffer the AB shoulder showed an increase of intensity at

1607 cm−1. Furthermore, the CD HOOP band exhibited an intensity variation of the

doublet at 800 and 810 cm−1. The adjacent shoulder at approx. 833 cm−1 is composed

of several peaks, which revealed ionic-strength dependent variations. In agreement

with CphB, it seems that the subconformer population of each parent state can be tuned

by the ionic strength.

Pr-to-Pfr intermediates The Lumi-R formation was considerably favored in phos-

phate buffer. Subsequent decay to the Meta-Ra species occurred rapidly in TRIS buffer.

In the same manner, the Meta-Rc formation and the herein chromophore deprotonation

occurred easily in TRIS buffer. In this respect, the buffer influence in Agp1 is similar

as in CphB phytochrome, however the in the latter case the effect is even larger.
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Figure 5.15: Resonance Raman spectra of the parent states and the intermediate mix-
tures of the Pr-to-Pfr conversion of Agp1 at given irradiation temperatures. Spectra were
recorded in TRIS (black) and phosphate (green) aqueous buffer. Further plotting details
are given in fig. 5.13 and fig. 5.14. For notations see fig. 5.6 (Agp1).

Cph1 Unlike Agp1 and CphB phytochrome, the chromophore structure is only sen-

sitive to the ionic strength in the Pr state, but the Pfr state remained unaffected (see

fig. 5.16). In this respect, the highly flexible PCB tetrapyrrole can adopt two confor-

mations in the Pr state under normal conditions (Pr-I and Pr-II). Lowering of the ionic

strength might lead to a non-photoactive Pr species. This is associated inter alia with

the CD band upshift to 1633 cm−1(see fig. B.9).
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Figure 5.16: Resonance Raman spectra of the parent states and intermediate-mixtures
of the Pr-to-Pfr conversion of Cph1∆2 at given irradiation temperatures. Spectra were
recorded in TRIS (black) and phosphate (green) aqueous buffer. Plot details are given in
fig. 5.13 and fig. 5.14. Band assignment of Cph1∆2 refer to ref. [102, 184, 205] and
chapter 4.

5.5.4. Pfr-to-Pr reverse pathway

Lumi-F The E/Z isomerization takes places at -120 °C. In plant phytochrome

[119, 158] and in Pap1 bathy-phytochrome [215] Lumi-F formation already occurs

at -190 °C.

The Pfr-to-Lumi-F conversion involved considerable changes in the RR spectra.

First, E/Z-isomerization is associated with an upshift of the CD C=C stretching band,

possibly to 1624 cm−1 (1620 cm−1 in D2O). This is based on the H/D assign-
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5.5 RR Characterization of the CphB Phytochrome

ment of the Lumi-F intermediate in Agp2 bathy phytochrome (unpublished). Then,

the strongest band at 1614 cm−1 was assigned to AB mode (1607 cm−1 after H/D

exchange) and the adjacent shoulder at 1588 cm−1 (1583 cm−1) was assigned to the

BC mode. The decreased H/D sensitivity indicates a reduced coupling of the methine

stretching modes with the adjacent N-H groups.

Two possible N-H i. p. peaks were detected at 1549 and 1570 cm−1 (N-D i. p. at

1065 and 1075 cm−1 respectively), indicating that the chromophore retains its cationic

form in the Lumi-F intermediate. The existence of two N-H i. p. bands can be inter-

preted either as two Lumi-F conformers with considerable differences in rings B and

C [156] or simply formation of two tautomeric Lumi-F structures, in which the posi-

tive charge, generally localized at the BC dipyrrole unit, is shifted towards the CD (or

AB) moiety. Apparently the inhomogeneity of the N-H i. p. propagates also over the

Meta-F intermediate (vide infra).

The most relevant feature of the Pfr-to-Lumi-F transition involves intensity decrease

in the HOOP region. Instead of the prominent Pfr band, a poorly H/D sensitive peak

at 795 cm−1 was observed. However, the frequency of a broad doublet at 830 and

841 cm−1 shows a similar position as in the Pfr spectrum (see fig. 5.17). Since the

AB and BC modes (C=C stretching) are observed at similar frequencies as in the Pfr

state, this HOOP might be assigned to the HOOP of the AB (or BC) methine bridge.

At lower frequencies, a strong band at 649 cm−1 was assigned to the OOP modes of

ring D (∆∆ν(Pfr/Lumi−F) = -6 cm−1). The region around 1300 cm−1 displays a

considerably modified band pattern compared to the Pfr state.

The Lumi-F intermediate decays to the Meta-F species at -50 °C [118]. This inter-

mediate is the ZZZ-equivalent to the Meta-Ra species of the Pr-to-Pfr forward reaction

(vide supra). However, the Meta-F RR spectrum already shows similar features as the

succeeding Pr species (see fig. 5.17).

The strongest band, assigned to the CD mode, shows a slight upshift compared to the

Lumi-F spectrum (1626 cm−1 in H2O and 1615/1622 cm−1 in D2O). The broad fea-

ture indicates the existence of two peaks within the CD envelope. According to Agp2

Meta-F intermediate (unpublished), the band at 1648 cm−1 (1642 cm−1 in D2O) was

assigned to the AB mode. Unambiguous assignment of the BC band was compromised

due to the rather complex N-H i. p. band pattern (vide infra). However the peak at

1589 cm−1 (H/D downshift approx. -10 cm−1) might be assigned to this C=C mode.

Alternatively the BC mode might be hidden below the CD band. Due to the observa-

tion of multiple N-H i. p. bands at 1558 and 1575 cm−1 (1074 cm−1 in D2O), it can be

assumed that also in Meta-F intermediate all pyrrole nitrogens carry a proton. Interpre-

tation of the N-H band inhomogeneity indicates two possible Meta-F conformers. In

the C=O region, a peak at 1725 cm−1 was observed (1714 cm−1 after H/D exchange).

The downshift reflects the coupling of the C=O mode with the adjacent N-H group.
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Figure 5.17: Resonance Raman spectra of the intermediates of the Pfr-to-Pr conversion
of CphB phytochrome. Nomenclature details are given in fig. 5.13 and fig. 5.15.

The spectral homology to the succeeding Pr state is even higher in the HOOP region.

Here, three possible HOOP bands were observed at 813, 804 and 793 cm−1. Assign-

ment of the ring D OOP mode was not completely achieved. Two peaks at 662 and

680 cm−1 (656 and 669 cm−1 in D2O respectively) were observed. Finally, the

Meta-F 1300 cm−1-region showed a crowed band pattern with two prominent peaks

at 1309 cm−1 and 1244 cm−1. Both disappeared after H/D exchange.
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Figure 5.18: Resonance Raman spectra of the intermediates of the Pfr-to-Pr conversion
of CphB phytochrome measured in phosphate and in TRIS H2O buffer. Further details
are given in fig. 5.15.

Influence of the surrounding buffer In agreement with the forward reaction, modifi-

cations of the band pattern for both Pfr-to-Pr intermediate spectra (Lumi-F and Meta-F)

were observed if measured either in TRIS or phosphate buffer (see fig. 5.18).

Lumi-F In phosphate buffer, the high frequency N-H band at 1549 cm−1 and the

BC band at 1588 cm−1 gained intensity at expenses of the 1570 cm−1 peak. Con-

comitantly, the CD shoulder at 1624 cm−1 loosed intensity. Finally, decrease of the

1313 cm−1 band was also observed.
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Meta-F the recorded spectrum at -50 °C (phosphate buffer), displays a strong simi-

larity to the Pr species (see fig. 5.18). Especially the AB band at 1648 cm−1 displayed

intensity decrease compared to the TRIS Meta-F spectrum. Furthermore, an increase

of a peak at 1575 cm−1 (Pr state N-H i. p.) was observed. Concomitantly, the peaks at

1558, 1575 and 1589 cm−1 decreased in intensity. Same applies for the HOOP region,

in which the peak at 813 cm−1 disappeared and instead to peaks appeared at 793 and

804 cm−1, clearly matching the HOOP band pattern of the Pr spectrum. Interestingly,

changes in the 1300 cm−1-region were less pronounced.

5.6. Disccusion

5.6.1. Pr-to-Pfr intermediates in prototypical phytochromes

The current results are inline with previous investigations. First, the Pr-to-Lumi-R

conversion is characteristic for its low quantum yield [201]. In addition, this transition

is H/D dependent. The Lumi-R H/D-effect cannot be understood in terms of chro-

mophore deprotonation. It is, however, very likely, that the isotopic effect, reflects

a longer life time in the excited state, favoring the Pr-to-Lumi-R formation. A simi-

lar isotopic effect for the Rph2 phytochrome (P2) has been found. The effect is even

more pronounced in a further Rhodopseudomonas palustris phytochrome, namely the

Rph3 (P3) species [201]. This photoreceptor undergoes a distinct photocycle. Here,

Z/E-isomerization leads to an orange-absorbing (Pnr) form instead of the canonical

Pr-to-Pfr conversion [70].

While the Meta-Ra formation remains apparently H/D insensitive, the rate of the

concomitant Meta-Ra-to-Meta-Rc transition in deuterated medium is slowed down.

Two possible effects might be involved. First, the proton release from the chromophore

might be intrinsically affected due to the different N-H/N-D bond situation at the pyr-

role nitrogen atoms. In this respect, the N-D bond is either strengthened or loosened.

According to the low Meta-Rc contribution, the deuteron affinity of the pyrrole nitro-

gen is increased. Thus, the N-D is shortened and the hydrogen-release process is then

hindered. Hence, deuteron release is less favored then the proton abstraction. A second

explanation for the decreased Meta-Rc formation in D2O, might be related to a higher

activation energy after H/D-exchange due to strength of hydrogen bonding within the

protein. Thus, chromophore reorientation and proton release are slower in D2O then in

H2O.

Proton-release occurs via the carbonyl group of the adjacent aspartate (D197 within

the DIP-motif), which acts as transient proton acceptor/donor. Subsequently, proton-

migration causes net acidification of the aqueous solution [22, 23]. Furthermore, chro-

mophore reprotonation (Meta-Rc-to-Pfr transition) occurs via proton transfer from a
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conserved histidine (H250 in Agp1 or H260 in Cph1 sequence), located above the pyr-

role water (see role of histidine protonation in section 4.5) [23].

In this respect, the role of the ionic strength in the parent state and towards the Pr-

to-Pfr pathway (in CphB also the Pfr-to-Pr reverse reaction) is probably related with

anionic interaction (Cl−) with positively charged amino acid side chains (e.g. guani-

dinium function of arginine) located in the vicinity of the binding pocket. While the

presence of chloride ions inside the binding pocket is very unlikely, solvent exposed

arginine residues located in the tongue motif might slightly alter the chromophore

geometry in both parent states.

Furthermore Lumi-R formation is facilitated at lower ionic strength, indicating that

the Z/E isomerization also depends on the arginine (or similar) contacts. Finally, the

Meta-Ra-to-Meta-Rc step involves proton-translocation via the D197-residue which

might be facilitated if the D197-R462 salt bridge is weakened. The removal of the

salt bridge and the formation of a free COO−-group might be the driving force for the

proton-abstraction. Otherwise, transient protonation of the D197 backbone carbonyl

is very unlikely. Under low ionic strength the salt bridge cleavage requires a higher

activation energy and it is therefore partially hindered.

5.6.2. Analysis of the chromophore structure during the Pr-to-Pfr

conversion

Pr state The chromophore structure in the dark adapted parent state of Agp1 and

Rph2 has been extensively studied [136, 185, 206]. It is known that the cofactor can

be found in at least two similar yet distinct Pr forms. However, only one of this species

dominates in the crystallized form [185].

It is possible that both Pr species possess distinct photoactivation properties. For

example, while one conformer undergoes photo-isomerization, the second Pr con-

former is involved in the thermal deactivation of the Pfr-to-Pr reverse reaction. In this

respect, changes in the subconformers ratio might alter the formation of the Lumi-R

intermediate, as well as subsequent reactions. Hence, the ratio of an apparently photo-

chemically active Pr species and bleached Pr species should change during and after a

complete photocycle.

Spectral analysis of the Pr spectra recorded in the dark, after far red-irradiation and

after a complete photocycle, reveal intensity differences regarding the bands assigned

to the AB and the BC bands.

However, both Pr conformers in Agp1 are photoactive, as derived by the almost

complete Pfr conversion. It is very likely that the intrinsic structural heterogeneity

of the bilin in the dark adapted state propagates along the Pr-to-Pfr conversion. The

band analysis of the three Pr-to-Pfr intermediates required more than two Lorentzian

133



5. Results: Pr-to-Pfr chromophore changes in protypical phytochromes

functions to describe the CD and AB modes. A similar structural heterogeneity is

observed for CphB and Rph2.

Lumi-R According with the Lumi-R intermediate of phyA, the chromophore struc-

ture is found in a ZZEssa geometry [102, 165]. The large downshift of the CD mode,

the H/D sensitivity of the N-H i. p. mode and the characteristic HOOP mode support a

similar chromophore structure for the Lumi-R intermediate in Agp1, CphB and Rph2

phytochrome. Here the low frequency position of the CD band corresponds to conju-

gated systems under high structural constrains [102]. After the Z/E isomerization along

the CD methine, the surrounding protein cavity is not relaxed to the stable E configura-

tion of the CD bridge. The resultant sterical and polar interactions with the bilin might

force an elongation of the double bond character and thus a decrease of the stretching

frequency. The increased HOOP band intensity also supports the tensed geometry, as

also postulated for the Pfr state [5, 79]. Despite the general agreement in the spectral

features between the Lumi-R intermediate of phyA and Agp1, a different H/D sensi-

tivity of the characteristic HOOP is observed. While this peak in phyA experiences an

upshift and therefore modifications in the mode composition, the HOOP band of Agp1

exhibited negligible H/D sensitivity.

Meta-Ra This intermediate also presented a quite complex band structure. The chro-

mophore adopts a more distorted geometry, as implicated by the general C=C upshift,

especially at the AB and CD methine bridges. The loss in conjugation is also reflected

by the intensity decrease of the N-H i. p. The geometry alteration is intimately related

to the structural rearrangements in binding pocket. Hence, the broad and strong pre-

dominant C=C peak and the considerably reduced intensity in the N-H i.p. band were

found to be characteristic among all Meta-Ra spectra. Apparent reminiscence of the

Pr species is not overseen, however, the bandwidth of the predominant C=C peak and

further marker bands, including the N-H i. p. mode are found displaced in frequency

and shape.

Altogether these findings point to changes in the sterical contrains affecting the

polyen system of the chromophore, especially compared to to the Lumi-R intermediate.

Partial relaxation of the surrounding residues and of the polypetide chain contributes

to an increased distortion of chromophore, thus leading a general frequency increase of

the methine bridge marker bands. However, lack of further experimental data, as well

as calculations hinders an unambiguous vibrational assignment.

The substantial upshift of the CD peak might also be related to the decrease in copla-

narity and reduction of the conjugation system (vide supra). In addition to that, the pro-

tein relaxation might bring the chromophore in close proximity of a negatively charged

residue, thus preparing the bilin to the subsequent transient deprotonation. In this
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respect, the chromophore structure can be rationalized as a distorted, yet cationic ZZE

configuration. Finally coexistence of Meta-Ra subspecies is plausible and has been

also postulated [184].

Meta-Rc In addition to the full characterization of the previous intermediates from

which less structural information was available, the current work provided excellent

Meta-Rc spectra, both in H2O and D2O. Here, characteristic Meta-Rc-bands beyond

the crowded marker region were compared with calculated BV spectra, assuming a

neutral ZZEssa chromophore structure and considering a deprotonated ring C.

In addition to the propagation of the structural heterogeneity during the Pr-to-Pfr

conversion, the structural diversity in the Meta-Rc intermediate also involves the pro-

tonation state of the BC moiety. Here, the neutral ZZEssa chromophore can carry a

proton either at ring B or C. Both isoforms cannot be unambiguously identified by RR

spectroscopy. Moreover, it is very likely that they coexist in an equilibrium, which

might be reflected in the broadening of the C=C stretching region.

5.6.3. Role of the PHY-domain during the Pr-to-Pfr transition

Based on the Pfr-minus-Pr infrared spectra it can be assumed that the PHY-domain

plays a major role during the Pr-to-Pfr transition. First, stabilizing the Pfr state via

the β-sheet-to-α-helix transition of the tongue motif, and finally allowing the chro-

mophore to adopt the proper tensed geometry. Deletion of this C-terminal domain

(Rph2-PG deletion mutant) impairs the secondary structural changes necessary for the

Pfr state formation. It also has an effect on the hydrogen bonding situation of rings

A and D already in the Pr state, as derived by upshift ring A and D C=O modes (+4

and +8 cm−1 respectively). According to the RR spectra the chromophore structure

remained largely unaffected.

Thus, immediately after Pr-state photoisomerization, formation of the Lumi-R inter-

mediate was evidently cancelled. Instead, a Lumi-R-like photoproduct was observed.

The abscence of the tongue allows a more relaxed chromophore structure, reflected by

the loss of intensity in the HOOP region. Furthermore, the imminent solvent expo-

sure, and lack of the PHY-tongue interaction at ring A, induces an elongation of the

AB bridge (C=C frequency downshift in PG). Concomitantly, ring C and D moiety are

considerably solvent exposed (C=C frequency upshift). In this respect, the CD upshift

can be understood as weakly stabilized ZZE-chromophor structure, due to the lack of

PHY-domain hydrogen bonding partners.

The abscence of the Meta-Ra intermediate in Rph2-PG variant is a strong indica-

tor that the formation of this intermediate state strongly depends on the PHY domain

and cofactor interaction, which probably involves the D197-R462 salt-bridge (Agp1

nomenclature) cleavage and further tongue-interactions, lacking in the PG-mutant.
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The last step involving the transient deprotonation and the related Meta-Rc forma-

tion is clearly observed even if the PHY domain is deleted. Hence, proton abstraction

is independent from the tongue motif interaction. In this respect, chromophore-proton

release ocurrs at the BC moiety and this event involves the aspartate residue of the DIP-

motif at the GAF-domain [94, 209]. Finally, proton-uptake preferentially occurs over

the conserved GAF-histidine above the pyrrole water [23, 210] (see fig. 2.4). Both

motives are still present after the PHY deletion. Hence, the chromophore proton-

translocation process is not dependent of the PHY domain.

Unlike the Agp1 or Dph1 phytochrome PAS-GAF deletion mutants [184], the Rph2-

PG-variant is able to form a protonated ZZEssa RT-photoproduct. In contrast to the
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E-isomer, the chromophore structure in the Pr state indicates minimal variations after

removing the PHY-domain.

The cationic ZZE-conformer has also been observed in the SypB GAF-only phyto-

chrome. However the lack of the PHY-domain in both, Rph2 and SypB-deletion

mutants led only to a Pfr-like chromophore structure with distorted geometry.

Finally, the PHY domains plays a crucial role first in conducting the released pro-

ton after the Meta-Rc formation (H+-migration) and subsequently stabilizing the cat-

alytically active Pfr species (protein folding). Deletion of this domain leads to an

aberrant Pfr-like form which among other discrepancies, lacks the characteristic RR

Pfr-signature, namely the strong CD HOOP mode [179, 204] and also displays no β-

sheet-to-α-helix transition. In this respect, Rph2-PG provided the direct insights of the

relevance of the PHY domain for canonical phytochromes. Furthermore, there is no

evidence for photoisomerization at the AB-bridge in the Rph2-PG mutant as proposed

for GAF-only fragments in cyanobacterial phytochromes [197, 202].
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6. Results: Chromophore structure elucidation in

bathy phytochromes

6.1. Structure of the Biliverdin Cofactor in the Pfr State of Bathy

and Prototypical Phytochromes
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Structure of the Biliverdin Cofactor in the Pfr State of Bathy
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Background: The Pr and Pfr parent states of prototypical and bathy bacteriophytochromes exhibit different thermal
stabilities.
Results: Unlike bathy phytochromes, the biliverdin cofactor of prototypical phytochromes displays distinct conformational
heterogeneity in Pfr.
Conclusion: This heterogeneity enables thermal Pfr to Pr conversion in prototypical phytochromes.
Significance:Understanding thermal deactivation of the signaling Pfr state is essential for elucidating themolecular function of
phytochromes.

Phytochromes act as photoswitches between the red- and far-

red absorbing parent states of phytochromes (Pr and Pfr). Plant

phytochromes display an additional thermal conversion route

from the physiologically active Pfr to Pr. The same reaction pat-

tern is found in prototypical biliverdin-binding bacteriophyto-

chromes in contrast to the reverse thermal transformation in

bathy bacteriophytochromes. However, the molecular origin of

the different thermal stabilities of the Pfr states in prototypical

and bathy bacteriophytochromes is not known.We analyzed the

structures of the chromophore binding pockets in the Pfr states

of various bathy and prototypical biliverdin-binding phyto-

chromes using a combined spectroscopic-theoretical approach.

For the Pfr state of the bathy phytochrome from Pseudomonas

aeruginosa, the very good agreement between calculated and

experimental Raman spectra of the biliverdin cofactor is in line

with important conclusions of previous crystallographic analy-

ses, particularly the ZZEssa configuration of the chromophore

and its mode of covalent attachment to the protein. The highly

homogeneous chromophore conformation seems to be a unique

property of thePfr states of bathyphytochromes.This is in sharp

contrast to the Pfr states of prototypical phytochromes that dis-

play conformational equilibria between two sub-states exhibit-

ing small structural differences at the terminal methine bridges

A-B and C-D. These differences may mainly root in the interac-

tions of the cofactor with the highly conserved Asp-194 that

occur via its carboxylate function in bathy phytochromes. The

weaker interactions via the carbonyl function in prototypical

phytochromes may lead to a higher structural flexibility of the

chromophorepocket opening a reaction channel for the thermal

(ZZE3 ZZZ) Pfr to Pr back-conversion.

Phytochromes utilize light as a source of information for ini-
tiating a biochemical reaction cascade (1, 2). These photorecep-
tors, initially discovered in higher plants but also found in
microorganisms (3–5) and fungi (6, 7), include a light sensor
module and catalytic unit, a serine/threonine kinase (in plant
phytochromes) (8), and a histidine kinase in most of the bacte-
rial orthologs (9–11). Phytochromes covalently bind a linear
tetrapyrrole chromophore that upon light absorption under-
goes a double bond isomerization at the methine bridge
between the pyrrole rings C and D (Fig. 1). This photochemical
event is followed by a series of thermal relaxation processes of
the cofactor and the protein eventually causing a major protein
structural change that activates the kinase (9). Also, the de-ac-
tivation is linked to a photoinduced reaction sequence that
transforms the sensor module back to the initial state. In this
sense, canonical phytochromes represent a photoswitch
between the red-absorbing (Pr)3 and far-red absorbing (Pfr)
parent states.
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Agp2, phytochromes 1 and 2 from A. tumefaciens; CphB, cyanobacterial
phytochrome CphB from Calothrix PCC7601; HOOP, hydrogen out-of-
plane; ip, in-plane bending; MD, molecular dynamics; MM, molecular
mechanics; BV, biliverdin; P�B, phytochromobilin; PaBphP, bacteriophy-
tochrome from Pseudomonas aeruginosa; QM, quantum mechanics; RR,
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Because recombinant bacterial phytochromes are easily
accessible, which in turn facilitates structural and spectro-
scopic studies, they are widely used as model systems for phy-
tochromes from plants. A survey of phytochrome-encoding
genes revealed, however, that canonical phytochromes, carry-
ing phycocyanobilin as chromophore, are present mainly in
cyanobacteria, whereas other prokaryotic organisms carry
biliverdin (BV) as the chromophore (Fig. 1). While being
attached to the protein through a different binding site, BV
adopts nearly the same conformation in the binding pocket and
undergoes an identical photochemistrywith aC-15�C-16dou-
ble bond photoisomerization (12–15). These BV-harboring
bacteriochromes can further be grouped into prototypical and
bathy phytochromes in which the thermodynamically stable
states are Pr and Pfr, respectively (16, 17).
This different stability of the parent states is most probably

the reason why three-dimensional structures so far have been
mainly obtained for the Pr state of protypical phytochromes
and the Pfr state of bathy phytochromes (13–20). Although the
gross chromophore structures in the respective parent states
are likely to be similar in prototypical and bathy phytochromes,
it appears to be premature to consider the available three-di-
mensional structures of the Pr states of the prototypical phyto-
chrome and the yet only available three-dimensional structure
of the Pfr state of bathy phytochrome from Pseudomonas

aeruginosa (PaBphP) as representative structures for the
respective parent states in both classes of phytochromes (12).
First, the sequence homology between bathy and prototypical
phytochromes is rather poor. In the case of phytochrome Agp1
(UniProtKB accession numberQ7CY45) andAgp2 (UniProtKB
accession numberQ8UDG1) fromAgrobacterium tumefaciens,

a sequence identity of only 35% and positive matches of 53%
were predicted using the sequence BLAST protein alignment
tool (21, 22). Thus, the functionally important structural
changes of the protein that activate or deactivate the associated
catalytic module can hardly be assessed from a comparative
structural analysis of the Pr and Pfr states of prototypical and
bathy phytochromes. Second, the three-dimensional models
suggest significant differences between prototypical and bathy

phytochromes that are independent of the specific state of the
photosensor, i.e. the mode of chromophore attachment to the
protein (14, 15, 18). However, these differences per se do not
reveal the molecular origin for the different thermodynamic
stability and reaction channels of the parent states in prototyp-
ical and bathy phytochromes. Such an understanding is in turn
essential for elucidating the strategy of how nature utilizes
either red or far-red light to trigger physiological processes.

In this work, we have addressed this issue focusing on the
comparative analysis of the Pfr states of bathy and prototypical
phytochromes. Starting with the crystallographic structure of
the Pfr state of the bathy phytochrome from PaBphP (14),
molecular dynamics (MD) simulations combined with calcula-
tions using molecular mechanical-quantum mechanical (QM/
MM) hybrid methods were carried out to achieve a structural
refinement for the chromophore binding pocket, guided by a
comparison of the calculated and the experimental resonance
Raman (RR) spectra of the tetrapyrrole cofactor (23). Specifi-
cally, we askedwhether the results of the present approachwere
consistent with the original assignment of the bilin structure to
a ZZEssa configuration (14), a plausible assignment albeit not
unambiguously backed by the rather disperse electron density
data, which in principle would also be compatible with a ZZZ-
ssa geometry from protein crystallography (14). Similarly, we
checked the proposed chromophore binding via thiol addition
to the exocyclic vinyl group of ring A. This tetrapyrrole-protein
linkage is in contrast to prototypical bacteriophytochromes in
which BV attachment is accompanied by the formation of an
exocyclic double bond and the saturation of ringA (18, 24). The
combined theoretical-experimental analysis of the Pfr state of
PaBphP allows for a “calibration” of the RR spectroscopic
method that was then employed to investigate the chro-
mophore structures in the Pfr states of various prototypical
BV-binding phytochromes for which no three-dimensional
structural data were available. It was demonstrated that, unlike
to the highly homogeneous chromophore conformation in
bathy phytochromes, the bilin cofactors in the Pfr states of pro-
totypical phytochromes displayed a substantial structural het-
erogeneity that primarily referred to the methine bridges
between rings A and B (A-B) and C and D (C-D) (25). The
molecular origin of this heterogeneity and the implications for
the lower thermodynamic stability of the Pfr state are
discussed.

MATERIALS AND METHODS

Sample Preparation—Expression of the proteins, purifica-
tion, and the assembly of the holoproteins was described previ-
ously (22, 26–28). In addition to the wild-type (WT) A. tume-

faciens phytochrome 1 (Agp1), two further engineered variants
from the same phytochrome were investigated as follows: the
C20A site-directed mutant (Agp1C20A) and a truncated vari-
ant lacking the first 18 N-terminal amino acids (Agp1�18) (29).
In both mutants, the chromophore is bound in a noncovalent
manner to the protein. Cyanobacterial phytochrome CphB

(Calothrix PCC7601) was expressed and purified as described
previously (30). In all cases, protein variants lacking the histi-
dine kinase module were used. Previous comparative studies of

FIGURE 1. Structure and atom numbering of the biliverdin chromophore
in PaBphP in the 32-linked attachment to the protein. Inset, chromophore
structure at ring A in case for 2(R),3(E)-P�B type binding (�-electron
rearrangement).
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Agp1 revealed identical RR spectra for proteins including and
lacking the kinase module (31, 32).
Buffer solutions used for the RR experiments included 50mM

Tris/HCl, 300 mM NaCl, 5 mM EDTA in H2O (D2O) at a pH
(pD) of 7.8. Protein samples were concentrated via Microcon
filters up to a value corresponding to an optical density of �50
at 280 nm.
Synthesis of Isotopically Labeled Biliverdin—Unlabeled BV

was synthesized from bilirubin by reaction with 2,3-dichloro-
5,6-dicyanobenzoquinone in dimethyl sulfoxide (97%).
Obtained BV was esterified by reaction with sulfuric acid in
methanol (17 h, �5 °C, 67%). BV-dimethyl ester was then
cleaved at the central C-10 position according to Ref. 33. This
reaction yields four products, each half of BV (“right” and
“left”), and their respective thiobarbituric acid adducts; these
adducts contain the carbon atom, originally located at position
10. Both the right and the left halves were isolated from this
reaction mixture. The left half, representing the former A-B
ring part of BV, was formylated with o-trimethyl [13C]formate
(ambient temperature, 5 min, 65%). Then the formylated left
half was condensed with the right half (ethyl acetate, 0 °C,
POCl3, 15 min, addition of methanol, further stirring for 30
min, 32%, 13C NMR: 10-13C, 115.0 ppm). [13C]BV-dimethyl
ester was saponified following the procedure described by
Lindner et al. (34): H2O, CF3COOH, 1:1, Dowex ion exchange
resin, 44 h, ambient temperature; 77%, 13CNMR: 10-13C, 115.9
ppm.
Resonance Raman Spectroscopy—RR measurements were

performed using a Bruker Fourier transform Raman spectrom-
eter RFS 100/S with 1064 nm excitation (Nd-YAG cw laser, line
width 1 cm�1), equipped with a nitrogen-cooled cryostat from
Resultec (Linkam) (32, 35). All spectra were recorded at
�140 °C unless noted otherwise. The laser power at the sample
was kept at 780 milliwatts. To identify potential laser-induced
damage of the phytochrome samples, RR spectra before and
after a series of measurements were compared. In no case were
changes between these control spectra determined. For each
spectrum, the accumulation time was 1 h. Protein and buffer
Raman bands were subtracted on the basis of a Raman spec-
trum of apophytochrome. Photoconversion from Pfr to Pr (Pr
to Pfr) state was achieved by a 10-s (2 min) sample illumination
at 20 °C with 785 nm light (660 nm) using a light-emitting
diode, corresponding to a photon fluence of �2�1022 (4�1022)
photons/m2. The raw spectra of the Pfr and Pr obtained in this
way included minor contributions from the Pr and Pfr state,
respectively. These contributionswere removed bymutual sub-
traction of the experimental spectra from each other, using the
characteristic marker bands of Pr and Pfr as a reference. The
pure spectra were further analyzed by a band fitting procedure
assuming Lorentzian band shapes.
IR Spectroscopy—For IR spectroscopic measurements, the

protein samples were dissolved in 50 mM Tris, 300 mM NaCl, 5
mM EDTA in H2O (D2O) at pH (pD) 7.8 and concentrated via
Microcon filters. The concentration of the samples was
between 50 and 150 mg ml�1 as determined by the intensity of
the UV-visible absorbance at 280 nm. The protein was placed
between two BaF2 windows (15 mm diameter) with a 3-�m
thick polytetrafluoroethylene spacer and equilibrated at 20 °C.

IR spectra were recorded in a Bruker IFS66v/s spectrometer
equipped with a liquid nitrogen cooledHgCdTe detector (J15D
series, EG&G Judson). Spectra were recorded 2 min prior to
illumination and 30 s after the illumination, and subsequently
the difference spectra were calculated by subtracting the initial
state spectra from the illuminated state spectra. Illumination of
the sample was performed as in the Raman experiments (see
above).
Molecular Dynamics Simulations—The initial set of coordi-

nates for the MD simulations were extracted from the crystal-
lographic structure of the photosensory domain of PaBphP in
the Pfr state (Protein Data Bank code 3C2W) (14). The second-
ary structure of residues 376–485 in the peptide chain, which
are missing in the original Protein Data Bank submission, were
predicted by PSIPRED (36, 37) as an unordered loop. Accord-
ingly, their three-dimensional coordinates were generated
using CHARMM (32b2) software (38), followed by energymin-
imization and a short 5-ns MD simulation for structural equil-
ibration. Assignment of protons to titratable groups was done
on the basis of visual inspection of the local environment of the
charged amino acids and histidine residues. In particular, His-
247 and His-277 in the chromophore binding pocket were pro-
tonated at their N� positions. The protein was then solvated in
a hexagonal box of 58687 TIP3P water molecules and charge-
neutralized with NaCl. After a series of energy minimization
and equilibration steps, restraint-free simulations were per-
formed under periodic boundary conditions for 6 ns in the iso-
thermal-isobaric (NTP) ensemble at 300 K. For this, a combi-
nation of the Langevin-Piston Nose-Hoover (39, 40) method
was used with reduced Langevin damping factors (from 5.0 to
1.0). AllMD simulationswere performed keeping the BV cofac-
tor molecule fixed due to missing force field parameters.
TheMD simulations were performed using the NAMD (ver-

sion 2.6) software (41) in combination with the CHARMM all-
atom force field (42). For the treatment of nonbonded interac-
tions in the system, the particle-mesh-Ewald method (43) was
employed for electrostatics, whereas a cutoff of 12 Å in combi-
nation with a switching function was used for van der Waals
interactions.
Quantum Mechanical/Molecular Mechanical Calculations—

50 snapshots were extracted from the last 100 ps of the MD
simulation, in intervals of 2 ps. For each snapshot, the geometry
of the chromophore-binding site, including the chromophore
and all residues within a radius of 15 Å from the C-10 atom of
the BV cofactor (active region), was optimized using a hybrid
QM/MM approach (44) combining the B3LYP density func-
tional (45) with the CHARMM27 force field (42) implemented
in the modular program package Chemshell (46). The 6–31g*
basis set was used to describe the QM region. Two different
QM/MMpartition schemes were considered. The first one was
defined with a relatively small QM region of only of 81 atoms,
including the BV cofactor and the Cys-12 side chain, whereas
the second partition scheme with 96 atoms was constructed by
extending the QM region to include Asp-194 and the water
molecule located in the tetrapyrrole cavity (pyrrole water) (Fig.
2). These two partitions will be referred to as the QM81/MM
and QM96/MM models, respectively. The lowest QM/MM
energy of the QM96/MM model was computed for the snap-
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shot extracted after 5920 ps of the MD simulation. This opti-
mized structure is denoted as QM/MMmin. Furthermore, the
covalent bond cuts at the QM/MM borders on the Cys-12 side
chain in the QM81/MMmodel, and also on the Asp-194 back-
bone in the QM96/MM model, were saturated with hydrogen
link atoms.
The average Raman spectrumof the protein-boundBV chro-

mophore was calculated by summing up the Raman spectra
computed at a QM/MM level for each of the snapshots follow-
ing published protocols (23, 47–49). It has been demonstrated
for other phytochromes that calculated (off-resonance) Raman
intensities are a good approximation for Raman spectra meas-
ured under rigorous resonance and pre-resonance excitation
(50, 51).
Homology Model for the Bathy Phytochrome from A.

tumefaciens—Homology modeling of the photosensory mod-
ule of A. tumefaciens phytochrome 2 (Agp2) (6–499 amino
acids) was performed by using SWISS-MODEL (52) with the
crystal structure of the Agp2 homolog (53) from PaBphP P.

aeruginosa (14) as a template with a sequence identity of 36.3%.
In a subsequent step, energy minimization and structural ide-
alization were performed by the program REFMAC5 (54).
Structure validation was performed with the programs
PROCHECK (55) and WHAT_CHECK (56). To obtain an
appropriate comparative model of the chromophore binding
pocket from the Agp2 photosensory module, in a final step the
model of Agp2 was separately superimposed with the crystal
structure of the PaBphP (Protein Data Bank code entry 3C2W,
see Ref. 14), and the amino acids around the chromophorewere
manually rebuilt with the program COOT (57). All structure
superpositions of the backbone �-carbon traces were per-
formed using the CCP4 program LSQKAB (54).

RESULTS AND DISCUSSION

Structure of the Biliverdin Binding Pocket in PaBphP—Dur-
ing the MD simulation, the protein approaches a stable struc-
ture after a fewnanoseconds as shownby the root-mean-square
deviations (r.m.s.d.) of the carbon backbone atomswith respect
to the crystal structure (Fig. 3). The relatively large r.m.s.d. val-
ues of �2.7 Å primarily result from conformational changes at
loop and coil regions. Additional changes of the protein sec-

ondary structure were not observed, but we noted a slightly
increased radius of gyration (28.9 Å) compared with the crystal
structure (27.9 Å).
For all snapshots, converged BV structures under preserva-

tion of the initial configuration/conformation of the methine
bridges were obtained (Fig. 2). The structural differences
between the QM96/MM and QM81/MM model were very
small and did not exceed 0.003 Å for bond lengths and 2° for
bond and dihedrals angles. Only the distances between the ring
D and B NH groups and Asp-194 are increased when this resi-
due is included in the QM region (QM96/MM; Table 1). The
QM description of the BV cofactor afforded the expected bond
length alternation pattern for the methine bridges with the
C-4�C-5 and C-15�C-16 double bonds (1.37 Å) and the C-5–
C-6 and C-14–C-15 single bonds (1.43 Å), whereas the elec-
tronic conjugation was fully pronounced at the central B-C
methine bridge, as reflected by the nearly equal C–C bond
lengths of �1.40 Å. Calculated bond angles for the three
methine bridges were higher by �10° with respect to the crys-
tallographic values, although quite similar torsional angleswere
predicted. Structural differences of the BV cofactor optimized
for the various snapshot models were very small with standard
deviations of less than 0.003 Å, 1 and 2° for the bond lengths,
bond angles, and dihedral angles of the methine bridges,
respectively. In particular, variations of the dihedral angles at
the A-B and C-D methine bridge were half the value predicted
previously for phycocyanobilin in plant phytochrome phyA
(48) and phycoviolobilin in phycoerythrocyanin (49), pointing
to amore tightly packed chromophore binding pocket in the Pfr
state of PaBphP.

The NH group at ring B forms a stable hydrogen bond to the
carbonyl group of Asp-194, as already observed in other phyto-
chrome structures. Unique for the Pfr state of PaBphP, how-
ever, is the strong hydrogen bond between the carboxylic group
of this residue and the NH group on ring D. Interestingly, the
QM treatment of Asp-194 (QM96/MM) leads to an elongation
of the N(D)���O(Asp-194 side chain) distance by �0.2 Å com-
pared with the QM81/MM model. This bond seems to be an
important factor to stabilize the ZZEssa configuration of the
BV cofactor. In fact, a D194A mutation impairs the complete
photoconversion of the photoreceptor (14).

In addition to Asp-194, Ser-459 and Gln-188 also have been
suggested to contribute to the chromophore stabilization via
interactionwith the carbonyl function of ringD (14). In fact, the
present calculations predict average distances of 3.4 Å
(O(D)���O(Ser-459)) and 3.25 Å (O(D)���NE(Gln-188)), which
are smaller than the crystallographic data of 4.1 and 3.4 Å,

FIGURE 2. Optimized structure of the chromophore binding pocket of the
Pfr state of PaBphP according to the QM/MM model of lowest energy
(QM/MMmin model).

FIGURE 3. Evolution of the r.m.s.d. for the C� atoms of PaBphP during the
6-ns MD simulation.
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respectively. Mutations of these two residues also lead to irreg-
ularities (S459A) or delay (Q188L) in the photocycle (14).
Both the NH groups of rings A and C form strong hydrogen

bonds to the pyrrole water located in the tetrapyrrole cavity, as
indicated by the short distances of 2.90 and 2.86Å, respectively.
In contrast to previous studies on phyA (48), the interactions of
this water molecule are preserved during the entire MD simu-
lation. Rotation of the pyrrole water is hindered by the strong
hydrogen bond formed with His-247.

The positions of both BV propionic side chains hardly
change within the 50 snapshots. In the case of the ring C pro-
pionic chain, hydrogen bonds with His-277, Tyr-163, and Ser-
275 immobilize the carboxylic group. Particularly steady and
strong are the interactions with Ser-275 and Tyr-163, as
reflected by the short average distances of 2.70 and 2.66 Å for
O(Ser-275)���O2(ppsC) and O(Tyr-163)���O1(ppsC), respec-
tively. Correspondingly, the mobility of the ring B propionic
side chain is hindered by the two strong hydrogen bonds with
Arg-209. For these interactions, the average N(Arf-
209)���O1(ppsB) andNE(Arg-209)���O2(ppsB) distances are 2.70
and 2.75 Å, respectively (Table 1).
Resonance Raman Spectra of PaBphP—The experimental RR

spectrum of PaBphP in the Pfr state is characterized by two
strong peaks located at 1599 cm�1 and at 811 cm�1 (Figs. 4 and
5). Although the first peak constitutes a well known marker
band for the tetrapyrrole backbone conformation, the high
intensity of the second peak is characteristic for tetrapyrrole
chromophores in the Pfr state. In addition, the presence of the

band at 1549 cm�1, which is sensitive toH/Dexchange, is indic-
ative of a protonated tetrapyrrole, as already demonstrated by
previous spectroscopic studies on phytochromes (58, 59).
The Raman spectrum computed for the BV chromophore

bound to PaBphP using the large QM96/MM model is in very
good overall agreement with the experimental spectrum. An
intense Raman band is predicted at �1601 cm�1, resulting
from the superposition of two peaks, calculated on average at
1602 and 1600 cm�1 (Table 2). This finding is in line with the
experimental data because the 1599-cm�1 band is actually
composed of two band components at 1603 and 1598 cm�1 (see
below) (Table 2). Analogous to other phytochromes, these two
modes are assigned to C�C stretching vibrations at the A-B
and C-D methine bridges, with the C�C(A-B) at a higher fre-
quency than the C�C(C-D). Minor structural variations at the
methine bridges observed among snapshots (Table 1) give rise
to frequency shifts for these two modes of more than 20 cm�1

(Table 2).
The NH in-plane (ip) deformation mode of rings C and B

(�56) is predicted at 1548 cm
�1with a significant Raman inten-

sity, again in very good agreement with the experimental peak
detected at almost the same position. In addition, the NH ip
deformation coordinate of ring B also contributes to several
modes in the frequency region at �1300 cm�1. Deuteration of
the NH groups leads to three main spectral changes. The N-H
bending at 1549 cm�1 disappears, and its counterpart re-ap-
pears at 1062 cm�1. The band at 1316 cm�1, located in a
crowded spectral region, loses intensity, and a new peak at 1377

TABLE 1

Selected structural parameters of the PaBph-BV chromophore and its vicinity
Bond lengths are given in Å and angles in degrees. Coordinates are defined according to Fig. 1. The abbreviations used are as follows: avg., average; max., maximum; min.,
minimum.

X-ray

QM96/MM snapshots
QM81/

MM snapshots

QM/MMmin Avg. Max. Min. S.D. Avg. S.D.

A-B methine bridge
C(4)–C(5) 1.528 1.371 1.371 1.374 1.367 0.002 1.370 0.002
C(5)–C(6) 1.536 1.432 1.433 1.439 1.427 0.003 1.433 0.001
C(4)–C(5)–C(6) 116.4 127.3 127.2 128.7 125.4 0.7 127.5 0.75
N(A)–C(4)–C(5)–C(6) 17.0 8.0 8.5 11.4 6.0 1.3 8.0 1.1
C(4)–C(5)–C(6)–N(B) 5.7 14.5 16.5 20.6 9.4 1.8 15.5 1.7

B-C methine bridge
C(9)–C(10) 1.398 1.400 1.400 1.407 1.392 0.003 1.400 0.003
C(10)–C(11) 1.393 1.398 1.396 1.400 1.387 0.003 1.393 0.003
C(9)–C(10)–C(11) 118.31 130.9 129.9 131.5 128.6 0.7 128.8 0.55
N(B)–C(9)–C(10)–C(11) �0.6 �6.7 �6.1 �3.6 �8.8 1.1 �6.9 1.23
C(9)–C(10)–C(11)–N(C) �8.2 �5.3 �4.9 �2.9 �7.0 0.8 �5.3 0.71

C-D methine bridge
C(14)–C(15) 1.535 1.434 1.434 1.439 1.427 0.002 1.430 0.003
C(15)–C(16) 1.535 1.372 1.369 1.373 1.365 0.002 1.371 0.002
C(14)–C(15)–C(16) 119.1 128.6 127.3 128.9 125.4 0.9 126.9 0.89
N(C)–C(14)–C(15)–C(16) �150.3 �155.4 �152.7 �148.2 �158.8 2.2 �155.6 1.55
C(14)–C(15)–C(16)–N(D) �150.7 �160.0 �159.8 �155.4 �163.2 1.6 �157.9 1.53

BV- H2O
N(A)���OH2 2.952 2.899 3.074 2.813 0.061 2.806 0.020
N(C)���OH2 2.900 2.863 3.056 2.807 0.042 2.799 0.022

BV-protein matrix
N(B)–O(Asp-194) 3.054 2.858 2.940 3.155 2.819 0.074 2.911 0.17
N(D)–OD(Asp-194) 3.00 2.831 2.873 3.077 2.774 0.068 2.635 0.03
O(D)���OG(Ser-459) 4.13 3.395 3.40 3.597 3.212 0.116 3.382 0.125
O(D)���NE(Gln-188) 3.40 3.329 3.253 3.776 2.860 0.301 3.372 0.318
O1(ppsC)���OH(Tyr-163) 2.91 2.666 2.666 2.789 2.596 0.035 2.664 0.033
O1(ppsC)���OH(Ser-275) 2.53 2.717 2.707 2.751 2.673 0.022 2.704 0.027
O1(ppsB)���(Arg-209) 2.61 2.691 2.696 2.755 2.657 0.020 2.692 0.019
O2(ppsB)��NE(Arg-209) 3.32 2.702 2.754 3.006 2.702 0.048 2.741 0.034
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cm�1 appears in the spectrum of the deuterated species. As
shown in Figs. 4 and 5, these isotopic spectral changes are well
reproduced by the calculations.
Most remarkably, the standard deviation for �56 (N-H ip B

and C) frequency is only 4 cm�1 (Table 3), which is much lower
than that predicted for phyA (9 cm�1) (48), reflecting the posi-
tional and rotational stability of the pyrrole water and the Asp-
194 in the chromophore cavity. The NH in-plane deformation
coordinates of rings A and D are distributed over several nor-
malmodes around 1370 and 1440 cm�1, respectively, which are
in most cases predicted with low Raman intensity. Hence, a
direct assignment of an experimental RR peak to these vibra-
tional modes is not possible.
The lower frequency region is dominated by a very intense

band at 811 cm�1. In accordance with previous vibrational
assignments for other phytochromes, the present calculations
predict an intense band in this region that is due to the hydro-
gen out-of-plane (HOOP) vibration of the C-Dmethine bridge.
The average vibrational frequency calculated for this mode is
higher by 10 cm�1 than the experimental value. If Asp-194 is
excluded from the QM region (model QM81/MM), the dis-
crepancy with respect to the experimental position increases to
30 cm�1 (Table 3). Unlike the high frequency region, for which
the QM81/MM model also affords satisfactory results, the
quantum mechanical treatment of the BV-Asp-194 and
BV-H2O interactions is essential for reproducing the HOOP
modes in an adequate manner. In this last model, for only one
snapshot structure a HOOP frequency below 810 cm�1 was
predicted; 42 snapshots exhibit HOOP frequencies between
810 and 830 cm�1 and seven of them with HOOP frequencies
slightly above 830 cm�1. Furthermore, for the QM96/MM
model the frequency variations are correlated with the
C-15�C-16 torsional angle (see below), and a relationship
between the HOOP frequency and any structural parameter
could not be identified for the QM81/MMmodel.

A second experimental peak of considerable intensity in the
low frequency region is located at 651 cm�1 close to a smaller
peak at 671 cm�1. From the calculated potential energy distri-
bution the former band was assigned to a mode consisting
mainly of ring D bending vibrations with only minor contribu-
tions from the thioether bridge C–S stretching, although the
latter peak includes various coordinates such as ring C bending
and a relatively high contribution from the C–S stretching.
Correlation between Spectral and Structural Parameters—

Although the average QM/MM spectra calculated from 50
snapshots match the experimental data very well in most
regions, the individual spectra show dispersion in frequencies
that may be associated with particular structural changes. A
quantitative analysis is possible by Pearson’s method (60),
which allows evaluating cross-correlations for mode frequen-
cies and structural parameters as discussed in the following for
the QM96/MMmodel.
Particularly for the structural changes of the BV cofactor

occurring at the methine bridges,- we computed moderate or
strong correlation of the C–C dihedral angle with the C�C
bond length of 0.59 for B-C and �0.80 for C-D, respectively.
This can readily be rationalized because the torsional motion
has an impact on the electronic structure of the conjugated

FIGURE 4. Experimental RR and calculated Raman spectra of the Pfr state
of PaBphP in H2O (black) and D2O (red) between 1200 and 1750 cm�1. A,
experimental RR spectrum; B, sum of the QM96/MM-calculated Raman spec-
tra obtained from various snapshots of the MD simulations; C, calculated
Raman spectrum for the QM/MMmin model.

FIGURE 5. Experimental RR and calculated Raman spectra of the Pfr state
of PaBphP in H2O (black) and D2O (red) between 600 and 1200 cm�1. A,
experimental RR spectrum; B, sum of the QM96/MM-calculated Raman spec-
tra obtained from various snapshots of the MD simulations; C, calculated
Raman spectrum for the QM/MMmin model.
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C�C bonds of the methine bridges that affect the orbital over-
lap and thus themethine bridge bond length. As a consequence,
the frequencies of the C�C stretching modes of the methine
bridges are not only inversely correlated with the respective
bond lengths. The frequency of the C-D stretching, for exam-
ple, is further correlated with the dihedral angle of the C-D
bridge (0.59), whereas that of the A-B stretching displays a
strong correlation with the C-5–C(B)–N(B) bond angle (0.64)
(Table 4).
Also, the frequency of the prominent C-D methine bridge

HOOP mode is significantly correlated with a structural
parameter, the C-15�C-16 torsional angle (0.65), such that
deviations from co-planarity between rings C and D cause
increasing frequencies. Only a moderate correlation exists for
the C-14 C-15 dihedral angle (0.45). Furthermore, a high posi-
tive correlation of the N-H ip (B and C) and C�C stretching
frequencies was evaluated for both the A-B and B-C methine
bridge (0.75 and 0.57), although at least a weak positive corre-
lation exists for the C-D bridge (0.24). These findings are con-
sistent with the coupling of the two vibrational modes as
derived from the computed potential energy distribution and
alsowith the experimental shifts of theA-B, B-C, andC-DC�C

marker bands uponH/D exchange of the pyrrole nitrogens (see
Fig. 5).
Model for PaBphP with a 2(R),3(E)-P�BChromophore—Pre-

vious crystallographic studies on the Pr state of prototypical
BV-binding phytochromes (18, 24) have shown that the tet-
rapyrrole is covalently bound to the Cys via a thioether linkage
with the terminal C-32 carbon of the vinyl group of ring A,
thereby leading to an exocyclic C�C double bond and a chiral
center at the C-2 carbon. Correspondingly, the bound chro-
mophore exhibits the ligation adduct of a 2(R),3(E)-P�B-type
structure (Fig. 1). Instead, the crystallographic analysis of the
bathy phytochrome PaBphP provides no indication for a chiral
center at the C-2 carbon (14) but indicates a BV-type chro-
mophore configuration with an intra-ring double bond,
although the limited resolution of the electron density map at
the chromophore-binding site leaves some uncertainties. Thus,
we have checked this conclusion by extending the calculations
to a new structuralmodel that was generated by exchanging the
BV chromophore of the crystal structure-based QM96/MM
models with a 32-linked 2(R),3(E)-P�B. The methyl group at
ring A was oriented toward Ile-246 and Leu-9 to avoid steric
clashes with the protein environment, in particular with Ser-

TABLE 2

Assignment of experimental vibrational frequencies (�/cm �1) and relative Raman intensities measured for PaBphP, Agp2, and Agp1 phyto-
chromes according to the calculated vibrational modes and relative Raman intensities for PaBphP-BV and PaBphP-P�B minimum energy
QM96/MM models and average frequencies with corresponding standard deviation of PaBphP-BV computed out of a 50-snapshot ensemble
The abbreviations used are as follows: PED, potential energy distribution; str, stretching; rock, rocking; def., deformation,�� (13C), frequency shift due to 13C labeling of the
C(10) position. A, B, C, and D refer to the respective pyrrole rings, and A-B, B-C, and C-D denote the corresponding methine bridges (see Fig. 1). The experimental (exp.)
and calculated (calc.) relative Raman intensities (I) are related to the strongest band (I � 100).

Mode
no.

Calc. modes (QM96/MM) for PaBphP-BV
Exp.

PaBphP Exp. Agp2 Exp. Agp1 Calc. modes for PaBphP-P�B

Minimum energy snapshot

Average
�

Minimum energy snapshot

PED (%) � I � I � I �

��

(13C) I � I PED (%)

50 46% C � C str vinyl D 1629 8 1632 � 3 1613 8 1614 8 1633 0 6 1627 8 45% C � C str vinyl D
10% C--C str D-vinyl 10% C--C str D-vinyl
12% C--H rock vinyl D 12% C--H rock vinyl D
11% C--H def vinyl D 11% C--H def vinyl D

51 61% C � C str A 1611 0 1609 3
52 38% C � C str A-B 1602 38 1602 � 5 1603 42 1605 45 1620 �1.6 39 1589 89 16% C � C str A-B

1611 �3.4 33 13% C � C str B-C
53 46% C � C str C-D 1592 100 1600 � 5 1598 100 1598 100 1600 �0.3 100 1595 100 46% C � C str C-D

1595 �2.9 21
54 35% C � C/C-C str

B-C
1574 7 1577 � 4 1585 8 1588 13 1586 �5.7 19 1566 15 11% C � C str A-B

13% C--H def B-C 1577 �11.0 9
55 52% C--C str D 1561 3 1575 11 1577 12 1560 5 47% C--C str D

13% C � C str vinyl D 12% C � C str vinyl D
56 26% N-H ip B 1548 12 1548 � 4 1549 31 1549 35 1551 �0.2 35 1546 17 22% N--H ip B

21% N-H ip C 22% N--H ip C
165 69% HOOP C-D 819 36 822 � 8 811 809 819 52 63% HOOP C--D

803

TABLE 3

Experimental and calculated vibrational frequencies (�/cm�1) of PaBph-BV using the QM/96/MM and QM81/MM models
Average frequencies and corresponding standard deviation were computed out of a 50-snapshots ensemble. The abbreviations used are as follows: avg., average; min.,
minimum; Exp., experimental; sh, shoulder; vs, very strong intensity; m, medium intensity.

Mode Character Exp.

QM96/MM
QM81/MM
averageMin. Avg. Range r.m.s.d.

50 C � C
(vinyl)

1613 (sh) 1629 1632.2 13.9 3.2 1631.1

52 C � C (A-B) 1603 (vs) 1602 1602.3 19.8 5.0 1600.6
53 C � C (C-D) 1598 (vs) 1592 1599.7 21.0 5.1 1603.9
54 C � C (B-C) 1585(sh) 1574 1577.0 20.8 4.1 1577.7
56 NH ip (C, B) 1549(m) 1548 1547.8 16.9 3.9 1548.5
165 HOOP (C-

D)
811 (vs) 819 821.8 39.2 7.6 842.4
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193. The new geometries were reoptimized following the same
procedure as described above for the QM96/MM models. To
distinguish them from the originalmodels, wewill refer to them
as QM96-P�B/MM.
In fact, comparison between the QM96/MM and QM96-

P�B/MMmodel suggests that the structural differences at this
linkage site and its immediate environment areminor andmost
likely not detectable at 2.9 Å resolution, especially by the lim-
ited information of the electron density from the chromophore
in PaBphP (14). The r.m.s.d. between the twominimum energy
structures yielded only 0.3 Å. The largest structural differences
compared with the original model are predicted for C-32 and at
the methyl group on C-2 which are displaced by 1.45 and 1.03
Å, respectively, as a consequence of hybridization change at
C-31 and C-2. The concomitant changes in the electron distri-
bution in ring A induce a significant swap of the C-2–C-3–C-
31–C-32 dihedral angle from �63 to 3° (Fig. 6).
As a consequence, the main effect in the calculated Raman

spectrum refers to the A-B stretchingmode, which undergoes a
significant 11-cm�1 downshift such that it appears as a separate
peak on the low frequency side of the largely unchanged C-D
stretching mode (Table 2 and Fig. 7). The downshift is even
more pronounced in the spectra calculated for the minimum
energy configurations of the models. Further spectral differ-
ences originating from the P�B-type constitution of the chro-
mophore include the broad feature at 1370 cm�1 and the peak
at 717 cm�1 (Fig. 7), which are due to a deformation and
stretching of the C–S bond, respectively, and the two weak
bands at 1645 and 1197 cm�1 resulting from the stretching of
the exocyclic C�C bond and the C–C and C–N single bond
stretchings, respectively. The rather significant spectral devia-
tion related to the A-Bmethine bridge stretching of theQM96-
P�B/MMmodel from the experimental spectrumprompt us to
discard the idea of a P�B-type chromophore and thus supports
the conclusions drawnbyYang et al. (14) that the tetrapyrrole is
bound under preservation of the ring AC�Cdouble bound, i.e.
a BV-type chromophore as used in the QM96/MMmodel.
Model for PaBphP with BV in ZZZssa Configuration/

Conformation—The second consequence of the limited resolu-
tion of the electron density at the BV-binding site of PaBphP
refers to the determination of the configuration of the C-D
methine bridge. Although the electron density would also be
compatible with a Za configuration at this position, Yang et al.

(14) decided for the more plausible Ea configuration, based on
the hydrogen bonding network between ring D and the protein
environment. This conclusion was backed by further crystallo-
graphic studies (15, 20). To examine the consequences of the
ZZZssa cofactor configuration on the Raman spectra, we have
generated a structural model for PaBphP with a BV in 15Za
configuration (PaBphP-15Za), using the optimizedQM96/MM
structure as a starting point and rotating the C�C double bond
of the C-D methine bridge clockwise to �140° thus avoiding
sterical clashes with the protein environment. The system was
allowed to relax following the QMMM protocol described
under “Material and Methods.”
As shown in Fig. 6, the main differences of the optimized

structurewith respect to the starting geometry are noted for the
C-D methine bridge of the BV cofactor, characterized by tor-
sional angles of �162.1 and 9.6° for the C�C and C–C bonds,
respectively. Except for the slightly rotated side chain of Gln-
188 and the movement of the Asp-194 side chain closer to the

TABLE 4

Pearson correlation coefficients r for selected structural and vibrational parameters of the PaBphP-BV chromophore calculated for the
QM96/MM model
Only values above 0.50 are reported. The abbreviation used is as follows: str, stretching.

Structural parameter

Vibrational coordinate

C�C str
A-B

C�C str
B-C

C�C
str
C-D

N–H
ip A

N–H
ip
B, C

HOOP
C-D

A-B methine bridge C(5)–C(6)–N(B) bond angle 0.64 0.57 0.64
C (5)–C (6) bond length �0.86 �0.58

B-C methine bridge N(B)–C(9)–C(10) bond angle 0.64 0.61 0.57 0.61
C (9)–C (10)–C (11) bond angle 0.55
C (9)–C (10) bond length 0.50
C (10)–C (11) bond length �0.66

C-D methine bridge N(C)–C(14)–C(15)–C(15) dihedral angle 0.59
C(14)–C(15)–C(16)–N(D) dihedral angle �0.65
C (15)–C (16) bond length 0.89

FIGURE 6. Superposition of the minimum energy structure of PaBphP
bonded to a BV-type chromophore in the ZZEssa conformation (orange)
and the structure of PaBphP bonded to a 2(R),3(E)-P�B chromophore
(cyan) (A) and the structure PaBphP with BV in a ZZZssa conformation
(cyan) (B).
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chromophore, the positions of the remaining residues in the
vicinity of ringD are hardly affected. In the PaBphP-15Za struc-
ture, however, the hydrogen bonds between ring D and the
Tyr-250, Ser-459, Gln-188, and Asp-194 no longer exist.
Instead, the NH and CO groups of ring D interact with water
molecules. These structural differences lead to distinct changes
in the calculated Raman spectrum that deviate substantially
from the experimental spectrum (Fig. 7). The C�C stretching
of the C-D methine bridge is calculated to be at 1621 cm�1,
upshifted by 20 cm�1 with respect to the experimental band.
Furthermore, the sharp peaks at 1296 and at 811 cm�1 in the
experimental spectrum, assigned to the NH ip deformation
mode at ring B and to the HOOP on the C-D methine bridge,
respectively, are not reproduced by the PaBphP-15Zamodel, in
contrast to the good overall agreement provided by the calcu-
lated spectrum of the PaBphP-15Ea model. Consequently, the
present spectroscopic analysis confirms the ZZEssa chro-
mophore configuration proposed by Yang et al. (14).
Structural Similarities between PaBphP and Agp2—Agp2 is a

bathy phytochrome fromA. tumefaciens. The RR spectra of the
Pfr states of Agp2 and PaBphP are nearly identical with respect
to the frequencies and relative intensities and the isotopic shifts
upon H/D exchange (Fig. 8). This striking spectral agreement
indicates that the structures of the chromophore binding pock-
ets are very similar. In fact, whereas the overall sequence

homology between the photosensory modules (�513 amino
acids) ofAgp2 and PaBphP shows around 37% identity and 56%
similarity (EMBOSS-Align; EMBL-EBI), nearly all amino acids
in the chromophore binding pocket are conserved with the
exception of Phe-187, Phe-192, and Ala-276 inAgp2 compared
with Tyr-185, Tyr-190, and Ser-275 in PaBphP. Thus, a basic
homology model of Agp2 displays only minor differences com-
pared with the PaBphP template (Fig. 9).
Pfr States in Bathy and Prototypical Phytochromes—The RR

spectra of Pfr states of prototypical phytochromes display dis-
tinct differences compared with those of bathy phytochromes,
specifically in the region of the C�C stretching and the HOOP
modes of the methine bridges (Fig. 10). This is shown for the
prototypical phytochrome from A. tumefaciens, Agp1 (Fig.
10C), two Agp1 mutants (Fig. 10, D and E), and the cyanobac-
terial BV-binding phytochrome CphB (Fig. 10F). All spectra
show the characteristic features of the Pfr state, i.e. intense RR
bands at �1600 and 800 cm�1. However, in the spectra of pro-
totypical phytochromes, these bands do not exhibit symmetric
band profiles. The prominent C�C stretching band displays
pronounced shoulders on the high frequency side of between
�1605 and 1630 cm�1, concomitant to a broadening and
increased asymmetry of the band shape for all bands in this
region as compared with the relatively sharp 1599-cm�1 peak
of the bathy phytochromes Agp2 and PaBphP. In the HOOP
region, a similar broadening and peak shape asymmetry were
observed, and in CphB even a clearly detectable second peak
was observed, although not as pronounced as for the C�C
stretching modes. These changes were accompanied by an
increased RR activity for the modes in the region between 840
and 860 cm�1, where for bathy phytochromes Raman bands
can hardly be detected at all. It is therefore tempting to assume
that the spectral heterogeneities in the Pfr spectra of prototyp-
ical phytochromes reflect a structural heterogeneity of the
chromophore binding pocket. To examine this hypothesis, we

FIGURE 7. A, calculated Raman spectrum of the Pfr state of PaBphP with a
BV-type chromophore binding in the ZZEssa configuration (sum of snapshots,
as in Figs. 4 and 5); B, experimental RR spectrum of the Pfr state of PaBphP; C,
calculated Raman spectrum of the Pfr state of PaBphP with P�B-type chro-
mophore binding in the ZZEssa configuration (sum of snapshots); D, calcu-
lated Raman spectrum of the Pfr state of PaBphP with a BV-type chromophore
binding in the ZZZssa configuration (single snapshot). The left panel displays
the overview spectra, highlighting the most structure-sensitive spectral
regions. The right panel is an expanded view of the C�C stretching region.

FIGURE 8. Experimental RR spectra of the Pfr states of PaBphP (A) and
Agp2 in H2O (black) and D2O (red) (B).
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have investigated the C�C stretching and HOOP regions of
WT Agp1 in more detail.

First, we tried to identify the nature of the vibrational modes
in the C�C stretching region, using Agp1 reconstituted with a
BV chromophore with a 13C/12C substitution at the B-C
methine bridge. This substitution affects the modes, including
the B-C stretching coordinates that according to the calcula-

tions for PaBphP predominantly contribute to the weakly
Raman-active mode �54 (Table 2). As this mode is expected to
exhibit a high IR intensity, the RR spectroscopicmeasurements
were complemented by IR difference spectroscopy. Such IR dif-
ference spectra reflecting the spectral changes associated with
the Pr to Pfr transition are shown in Fig. 11A forAgp1, including
the nonlabeled and 13C-labeled BV chromophore. The spectral
features in the shaded area of Fig. 11 are primarily due to dif-
ference bands of the protein and the chromophore in the Pr
state, but the positive bands between 1550 and 1620 cm�1 can
be attributed mainly to chromophore bands of the Pfr state.
Here, the most pronounced isotopic shift is observed for the
peak at 1582 cm�1, which upon 13C labeling is downshifted to
1561 cm�1. These bands can hardly be detected in the RR (Fig.
11C) and the “Pfr minus Pr” RR difference spectra. However,
the RR (difference) spectra indicate a substantial loss of inten-
sity on the high frequency shoulder (�1615 cm�1) of the prom-
inent 1600-cm�1peak upon 13C labeling indicating the involve-
ment of the B-C stretching coordinates to the RR-active
mode(s) in this region. Thus, the isotopic shifts point to two
different modes with a substantial B-C stretching character.
The present data for PaBphP and previous experimental results
for other phytochromes as well as QM/MM and QM calcula-
tions (Table 2) (61) have shown that the B-C stretching
coordinates may be either largely localized in one mode (�54 of
PaBphP) or distributed over two modes via coupling with the
A-B stretching coordinates. In the latter case, one expects a
lower frequency IR-active and ahigher frequencyRaman-active
mode, both of them sensitive to 13C labeling at position C-10,
which nicely agrees with the present observations for Agp1.

On the basis of these results, the RR spectra of PaBphP and
Agp2were subjected to a band fitting analysis, using aminimum

FIGURE 9. Homology model for the Pfr state of Agp2. Bold letters refer to
Agp2-specific amino acids compared with PaBphP.

FIGURE 10. Experimental RR spectra of the Pfr states (in H2O) in the C�C
stretching (right) and HOOP region (left) of PaBphP (A), Agp2 (B), Agp1
(C), Agp1-�18 (D), Agp1-C20A (E), and CphB (F).

FIGURE 11. Experimental IR and RR spectra of Agp1 in H2O. A, IR difference
spectra “Pfr minus Pr”; B, RR difference spectra “Pfr minus Pr”; and C, RR of the
Pfr state. Black lines and numbers refer to Agp1 reconstituted with the unla-
beled chromophore, and red lines and numbers refer to the chromophore
13C-labeled at position C-10; the shaded area indicates Pr and protein differ-
ence bands.
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number of bands to achieve a satisfactory simulation of the
experimental spectra with physically meaningful widths of the
individual band components (Fig. 12). The results agree very
well with the calculations for PaBphP inasmuch as all of the
predicted Raman-active modes of the cofactor can be corre-
latedwith counterparts in the experimental spectra with a good
match in frequencies and intensities (Table 2).
The corresponding analysis of the RR spectrum of Agp1

requires more bands for an acceptable fit than Agp2 (and
PaBphP) (Fig. 12). To correlate these bands with the expected
normal modes in this region, we have to take into account that
in Agp1, like in bacteriophytochrome 1 from Deinococcus

radiodurans (18), the BV chromophore binds to the Cys side
chain via a P�B-type configuration such that no mode involv-
ing the ring A C�C stretching (�51 in Agp2) exists. The corre-
sponding stretching mode of the exocyclic double bond is pre-
dicted to be above 1640 cm�1with very lowRR activity. Itmight
contribute to the very weak band at 1633 cm�1, although the
assignment to the C�C stretching of the vinyl substituent of
ring D seems to be more plausible in view of its coupling to the
delocalized �-electron system of the chromophore. The
remaining six bands between 1560 and 1620 cm�1 then have to
be related to four normal modes. A plausible assignment for
these bands is guided by the isotopic shifts due to 13C labeling of
the B-C methine bridge, the IR difference spectra (Fig. 11), and
the predicted Raman activities (see above) (Table 2). Accord-
ingly, the weak band pair at 1586 cm�1 (�6 cm�1) and 1577
cm�1 (�11 cm�1) is assigned to theweakly Raman-activemode
�54 (according to the notation for Agp2), whereas the medium
intense band pair at 1611 cm�1 (�3 cm�1) and 1620 cm�1 (�2
cm�1) is attributed to the Raman-active mode �54. Then the
prominent band at 1600 cm�1, which does not display an iso-

topic shift, is assigned to the mode �53 (C-D stretching). The
same assignment may hold for the weak band component at
1595 cm�1, which is required for a satisfactory fit although its
frequency (and isotopic shift) is associated with a considerable
uncertainty.
In the same way, we have analyzed the HOOP region (Fig.

13). Although in the bathy phytochromesPaBphP andAgp2 the
prominent peak at�810 cm�1 can be well described by a single
Lorentzian band shape, in Agp1 two band components are
required for a satisfactory fit. These two bands are insensitive to
13C labeling at the B-C methine bridge and thus confirm the
assignment to the C-D HOOP mode.
Structural Basis for the Differences between Bathy and Proto-

typical Phytochromes—The analysis of both spectral regions
demonstrates the splitting of modes localized at the C-D and
A-B methine bridges, indicating at least two sub-states that
differ with respect to conformational details in these regions of
the tetrapyrrole. To identify the underlying structural parame-
ters, we adopted the results of the correlation analysis for
PaBphP (see above andTable 4). Accordingly, we conclude that
the splitting of A-B stretching mode reflects differences in the
C-5–C(B)–N(B) bond angle and the C(A)�C-5 bond length.
Both mode components are significantly higher in frequency

FIGURE 12. RR spectra in the C�C stretching region of Agp2 (A), Agp1
reconstituted with the unlabeled chromophore (B), and Agp1 reconsti-
tuted with the chromophore 13C-labeled at position C-10 (C). The spectra
were measured from protein solutions in H2O. The dotted lines refer to fitted
Lorentzian line shapes. Band components originating from modes of similar
character are highlighted by different colors.

FIGURE 13. Temperature dependence of the RR spectra of the Pfr state of
full-length Agp1. Residual Pr contribution of the Pfr state was manually sub-
tracted using the raw Pr spectrum at each temperature. Subsequently, a min-
imum set of Lorentzian functions was fitted to the spectra. For the sake of
clarity, only the two curves describing the HOOP modes are shown (dotted
lines). Only restricted variations of the frequencies and bands widths (�1
cm�1) were allowed in the global fit. The sum of the individual Lorentzians is
essentially indistinguishable from the experimental spectrum (straight line).
In an alternative approach, the fitting procedure was applied to the raw spec-
tra by including band components originating from the Pr state determined
before. Both fitting procedures afforded a very similar temperature depend-
ence of the intensity ratio of the two HOOP modes, although there was a
systematic underestimation of the lower frequency component in the latter
approach (�20%).
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than the corresponding mode in PaBphP, pointing to an
increase of the bond angle associated with a shortening of the
bond length in Agp1. Correspondingly, the splitting of the C-D
stretching mode may be related to a subtle change of either the
respective C�C bond length or, more likely, of the dihedral
angle of the C-D methine bridge. The latter conclusion is sup-
ported by the analysis of theHOOPmodes that include a prom-
inent band at essentially the same position as in PaBphP and a
second one at lower frequencies reflecting an increased
C-15�C-16 torsional angle. The structural changes of the C-D
moiety may also be the origin for the increased RR activity for
bands between 840 and 855 cm�1 inAgp1,which are tentatively
attributed to modes including the C-C and C-N stretching
coordinates of ringD, according to the calculations forPaBphP.

Also the two mutants of Agp1, Agp1-�18 and Agp1-C20A,
display a similar heterogeneity of the HOOP mode as the WT
protein, an evenmore pronounced RR activity in the 840–855-
cm�1 region, and an increased broadening of the C-D stretch-
ing at 1598 cm�1, pointing to qualitatively similar structural
differences at the C-D methine bridge (Fig. 10, D and E). How-
ever, the A-B stretching region is dominated by the high fre-
quency component at 1619 cm�1, whereas the 1611-cm�1

band component can hardly be detected. Accordingly, onemay
conclude that in the two sub-states of both Agp1-�18 and
Agp1-C20A, the conformation of the A-B methine bridge is
essentially the same, and structural heterogeneity is largely
restricted to the C-D methine bridge. In fact, the mutations in
Agp1-�18 and Agp1-C20A that refer to the chromophore-
binding site prohibit a covalent attachment of the tetrapyrrole
to the protein (29) and thusmay remove steric constraints from
theA-Bdipyrrolic unit such that theA-Bmethine bridge adopts
only one conformation with a more relaxed geometry. Con-
versely, the specific cofactor-protein interactions associated
with the structural heterogeneity of the C-D dipyrrolic unit do
not seem to be affected by thesemutations. These findings sug-
gest that the structural changes at the A-B and C-D methine
bridges may be independent of each other.
The Pfr state ofCphB reveals a distinct splitting of theHOOP

modes with an even slightly higher RR intensity of the low fre-
quency component at 799 cm�1 compared with the 805-cm�1

band, pointing to nearly equal populations of sub-states differ-
ing with respect to the C-Dmethine bridge conformation. This
conclusion is consistent with the two similarly strong band
components at 1599 and 1607 cm�1, which are readily assigned
to C-D methine bridge stretchings in view of their high RR
intensities. The overall very broad and asymmetric peak enve-
lope suggests the involvement of more than one A-B stretching
mode of the high frequency side, although their positions can-
not be determined precisely. Qualitatively similar spectral het-
erogeneities, albeit to a different extent for the CD and AB
modes, are observed in the RR spectra of the Pfr states of the
prototypical BV-binding phytochromes from D. radiodurans

(62) and Aspergillus nidulans (63).
Conformational Equilibria of the Pfr states in Prototypical

Phytochromes and Dark Reversion—The present results indi-
cate that the Pfr states of prototypical phytochromes possess a
heterogeneous chromophore structure with at least two sub-
states that are protonated at all four pyrrole nitrogens but differ

with respect to the conformations of the C-D and A-Bmethine
bridges. This structural heterogeneity is in sharp contrast to the
Pfr state of bathy phytochromes, which exhibits a well defined
homogeneous chromophore structure. It is therefore tempting
to relate this difference to the different thermal stability of the
Pfr state of bathy and prototypical phytochromes. A plausible
interpretation is based on a conformational equilibrium involv-
ing a highly stable sub-state and a “reactive” sub-state that rep-
resents the starting point for the thermal reaction pathway to
the Pr state. Whereas in bathy phytochromes the nonreactive
sub-state prevails, in prototypical phytochromes the reactive
and nonreactive sub-states coexist in comparable amounts. In
an attempt to explore the parameters controlling this equilib-
rium, we have measured the RR spectra of the Pfr state of Agp1
as a function of the temperature and the pH. Changing the pH
from6.0 to 9.0 had essentially no effect on theRR spectra imply-
ing that there are no (de-)protonable groups in this pH range
that influence the chromophore structure (data not shown).
Analysis of the temperature-dependent spectra ismore compli-
cated because the intrinsic temperature dependence of
frequencies andbandwidths superimposeswith a temperature-
dependent shift of the conformational equilibrium. Neverthe-
less, increasing the temperature from �140 to 20 °C leads to a
remarkable decrease of the high frequency shoulder at 1619
cm�1 in the methine bridge stretching region, paralleled by
intensity changes of the HOOPmodes. These spectral changes
may be interpreted in terms of a re-distribution among the sub-
states (Fig. 14). For a quantitative analysis, the HOOP region is
more appropriate because only two overlapping bands are
involved. The spectra reveal a steady increase of the low fre-
quency HOOP component (803–800 cm�1) at the expense of
the high frequency component (811–809 cm�1) upon increas-
ing the temperature from�140 to 20 °C (Fig. 13). Assuming the
same RR cross-sections for the HOOP modes of the two com-
ponents, the intensity ratio determined by a band fitting analy-
sis can be set equal to the concentration ratio K of the two
sub-states. The van’t Hoff plot, restricted to the measurements
between �40 and 20 °C, affords a reaction enthalpy of �HR �

FIGURE 14. RR spectra of the Pfr state of full-length Agp1 measured at
�140 °C (A) and 20 °C (1064 nm excitation) (B).
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6.7 kJ/mol (Fig. 15). The small reaction enthalpy suggests that
the two sub-states differ only by subtle structural details such as
a difference in the C-D methine bridge torsional angle and
minor modifications in the A-B methine bridge geometry as
concluded from the frequency-structure correlations discussed
above (Table 4). Also, the Pr state of prototypical phytochromes
evidently includes a heterogeneous chromophore structure as
inferred from a previous RR study of Agp1 and bacteriophyto-
chrome 1 fromD. radiodurans (25). However, for the Pr state of
Agp1, the temperature-dependent variations in the RR spectra
are much smaller than for the Pfr state with a change in the
intensity ratio of conjugate bands of less than 10% in a temper-
ature range from 20 to �140 °C (data not shown). Moreover,
structural heterogeneity in phytochromes appears to be a quite
general phenomenon as it has been suggested both for the Pr
states of cyanobacterial and plant phytochromes as well as for
cyanobacteriochromes, based on NMR spectroscopy and the
analysis of the respective photoconversion processes (20,
64–69). However, in none of the cases can the heterogeneity be
related to the efficiency of thermal Z/E isomerization (dark
reversion).
In this context it is interesting to refer to recent NMR studies

of the prototypical cyanobacterial phytochrome Cph1 (65).
These authors have shown a less ordered chromophore pocket
in the Pr state, whereas in the Pfr state the chromophore gives
rise to well defined resonances with no indication for heteroge-
neities. Even if the Pfr states of prototypical BV- and phycocya-
nobilin-binding proteins can be directly compared, these find-
ings are not in contradictionwith the present results taking into
account the different time scales of NMR and RR experiments.
It is very likely that the small geometry changes of the A-B and
C-D methine bridges associated with the transition between
the two Pfr sub-states ofAgp1 (and prototypical phytochromes
in general) occur on the (sub-)nanosecond time scale such that
NMR signals of the two sub-states coalesce, although the sepa-
rate RR bands remain unchanged. Following these arguments,
it appears to be rather unlikely that the two sub-states of the Pfr
state of Agp1 refer to chromophores with �- and �-facial dis-
position of ring D (70, 71). The interconversion between these

orientations would require a rotation around the C-D methine
bridge, associated with a significant activation energy and thus
not compatible with transitions rates on the (sub-)nanosecond
time scale.
The most striking difference in the protein-cofactor interac-

tions may be associated with the highly conserved Asp-194
(PaBphP), which in bathy phytochromes forms a strong hydro-
gen bond between the carboxylate side chain and the N-H
group of ring D (14). The crystal structures of prototypical phy-
tochromes show that this side chain does not directly interact
with the pyrrole N-H groups but points away from the cofactor
(13). Given that this residue does not rotate upon formation of
the respective Pfr state, an important factor fixing the ring D
position and thus stabilizing a specific C-Dmethine bridge con-
formation is missing in prototypical phytochromes. We there-
fore suggest that the lack of this structural motif in prototypical
phytochromes allows the tetrapyrrole to switch between two
Pfr sub-states, including one sub-state that is associated with a
lower activation barrier for the thermalZZE3ZZZ isomeriza-
tion for back-reaction to the Pr state.
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Abstract 

Phytochromes are bimodal photoswitches composed of a photosensor and an output module. 

Photoactivation of the sensor is initiated by a double bond isomerization of the tetrapyrrole 

chromophore and eventually leads to protein conformational changes. Recently determined 

structural models of phytochromes identify differences between the inactive and the signaling 

state but do not reveal the mechanism of photosensor activation or deactivation. Here we 

report a vibrational spectroscopic study on bathy phytochromes that demonstrates that the 

formation of the photoactivated state and thus (de)activation of the output module is based on 

proton translocations in the chromophore pocket coupling chromophore and protein structural 

changes. These proton transfer steps, involving the tetrapyrrole and a nearby histidine, also 

enable thermal back-isomerization of the chromophore via keto-enol tautomerization to afford 

the initial dark state. Thus, the same proton re-arrangements inducing the (de)activation of the 

output module simultaneously initiate the reversal of this process, corresponding to a negative 

feedback mechanism. 
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Phytochromes are photoreceptors in plants and microorganisms1-3. They are composed of a 

photosensory input and a regulatory output module and function as bimodal photoswitches, in 

which the photosensor is interconverted between two states to activate or deactivate the 

attached output module. The photosensor includes an open-chain tetrapyrrole chromophore 

which is phytochromobilin or biliverdin (BV) in plant and bacterial phytochromes, 

respectively. Upon light absorption, the covalently bound cofactor undergoes a double bond 

isomerization at the methine bridge between the pyrrole rings C and D (Fig. 1a,b). This 

photochemical reaction is followed by thermal relaxation steps that complete the 

transformation between the two parent states Pr and Pfr. Concomitant to the photochemical 

transformations of Pr and Pfr a thermal pathway parallels the photo-induced reversion of the 

photo-activated state. This photo-activated state is commonly referred to as the signaling state 

although it is not clear in each case whether this implies activation or deactivation of the 

output module. The thermal route ensures that the photoreceptor and thus the output module, 

typically a histidine kinase, do not remain in the (in)active state in the absence of light of 

appropriate wavelengths. Whereas in plant phytochromes Pfr constitutes the photo-activated 

state, in the bacterial representatives it may either be Pfr or Pr, defining the classes of 

prototypical and bathy phytochromes, respectively4.  

The different thermal stability of the parent states in these two classes of 

bacteriophytochromes directed crystallization such that until recently well-resolved structural 

models were only available for Pr of prototypical5-9 and for Pfr of bathy 

bacteriophytochromes10-12. Lately, however, Takala et al. succeeded to determine the crystal 

structure for both the Pr and the Pfr state of a prototypical phytochrome albeit at lower 

resolution13. The study revealed a E-sheet-to-D-KHOL[�WUDQVLWLRQ�RI�WKH�³WRQJXH´��D�unique and 

conserved structural element in phytochromes. This structural refolding was interpreted as a 

mechanical switch for activating the output module, confirming previous suggestions14.  

However, these structural models do not reveal the mechanism how the mechanical switch is 
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triggered by chromophore structural changes of the photosensor that occur upon the 

transformations between the inactive and the active states. 

Here we show that the secondary structural change of the tongue is directly coupled with 

proton translocations in the chromophore pocket of the photo-activated state, which 

concomitantly open the pathway for the thermal back reaction to the dark state.  Our study is 

based on the bathy phytochromes Agp2 (Agrobacterium tumefaciens)15-20 and PaBphP 

(Pseudomonas aeruginosa)10-12,19,21 which undergo a sequential proton/deuteron (H/D) 

exchange at the pyrrole nitrogens of the BV cofactor. It is thus possible to monitor the 

functional groups that take part in the proton-coupled structural changes using resonance 

Raman (RR)19,22-27 and infrared (IR) difference spectroscopy28-31. The present results reveal a 

mechanistic pattern that provides novel insight into the molecular functioning of the first step 

of the signal transduction cascade and the thermal deactivation of the photoswitch.   

 

 

RESULTS 

The Pfr states of Agp2 and PaBphP display far-reaching structural similarities in the 

chromophore binding pocket (Fig. 1a), as reflected by nearly identical RR spectra 

(Supplementary Fig. S1)19. The BV chromophore adopts a ZZEssa geometry and all four 

pyrrole rings are protonated (Fig. 1a). In H2O, this protonation pattern gives rise to a 

characteristic RR band at 1549 cm�1 that originates from the N-H in-plane bending (N-H ip) 

mode of the rings B and C (Fig. 2)18,22-24.  

 

Sequential H o D exchange at the biliverdin cofactor  

Upon H2O o D2O buffer exchange in Pfr of Agp2 or PaBphP, while keeping the sample in 

the dark, the N-H ip of rings B and C at 1549 cm�1 disappears (Fig. 2), indicating the 

immediate H/D exchange at the ring B and C nitrogens. However, the exchange of the pyrrole 
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N-H groups is not complete since additional changes are noted in the RR spectrum of Pfr after 

a full photocycle from Pfr via Pr and back to Pfr (Fig. 2) as shown by the step-wise downshift 

of the 1599 cm�1 band (H2O) via 1596 cm�1 (H/D exchange in the dark) to 1589 cm�1 (H/D 

exchange after a photocycle). We therefore conclude that the H/D exchange of the N-H group 

of either ring A or ring D is impaired in the dark.  

To determine which of these two N-H groups is resistant towards H/D exchange, we 

compared the experimental spectra with calculated spectra obtained for different deuteration 

patterns at the pyrrole rings (Fig. 2). The spectra were calculated for Pfr of PaBphP using the 

QM/MM hybrid method19. In the fully protonated and fully deuterated states, the calculated 

spectra provide an excellent description of the experimental spectra, also in the spectral range 

below 1500 cm�1 19. The spectral changes observed upon H/D exchange in the dark are only 

well reproduced by the calculated spectrum for rings A, B, C being deuterated but ring D 

protonated, indicating a hindered H/D exchange at ring D in Pfr.  

This effect, observed for both Agp2 and PaBphP, is attributed to the strong hydrogen bond 

of the ring D N-H group with the carboxylate side chain of Asp194(196) (amino acid numbers 

in parenthesis refer to Agp2 in the following) whereas the N-H groups of the other rings are 

involved in weaker, water-mediated hydrogen bonds with the backbone carbonyl of this 

residue and thus undergo an H/D exchange in Pfr (Fig. 1a)10. Upon photoisomerization of the 

C-D methine bridge from the E to the Z configuration, the strong hydrogen bond of the ring D 

N-H group is broken but it takes until the formation of Pr for the H/D exchange to occur 

(Supplementary Fig. S5). 

The sequential H/D exchange of the pyrrole N-H groups allows for an unambiguous 

assignment of the ring A and D C=O stretching modes, since each of them displays an 

isotopic frequency shift only upon H/D exchange at the respective ring. These modes can be 

detected in the IR difference spectra of Agp2 (Fig. 3), revealing the spectral changes induced 

by the transition from Pfr to Pr and from Pfr to Meta-F, i.e. the precursor of Pr (Fig. 1b).  
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To sort out signals due to protein and chromophore structural changes, we first compare 

the ³3U-minus-3IU´�GLIIHUHQFH�spectra in H2O of a fully 13C-labeled and a non-labeled protein, 

both reconstituted with a non-labeled BV (Fig. 3, left). Except for the weak positive band at 

1734 cm�1 (Fig. 3), all signals above 1680 cm�1 are insensitive to 13C-labelling and thus 

originate from the chromophore.  

For Pfr in H2O and after a complete H/D exchange (after a photocycle), the two C=O(A) 

and C=O(D) modes coincide in each case and afford one negative signal at 1697 and 1685 

cm�1, respectively. Accordingly, bands at both positions are observed for H/D exchange in the 

dark. In the ³3U-minus-3IU´�DQG�³0HWD-F-minus-3IU´�GLIIHUHQFH�VSHFWUD� LQ�+2O, the positive 

signal at 1709 cm�1 is assigned to the C=O stretching of ring D since, upon H/D exchange in 

the dark, its intensity is drastically reduced only in Pr (downshift below 1700 cm�1) but not in 

Meta-F (no H/D exchange at ring D; Supplementary Fig. S5). The corresponding ring A 

mode is attributed to the weak shoulder at 1718 cm�1 in H2O, more clearly visible for Meta-F. 

After complete H/D exchange, the C=O stretchings of ring A and D are detected at 1707 and 

1698 cm�1, respectively.  

The negative (13C-insensitive) band at 1750 cm�1 (Pfr) is ascribed to the C=O function of a 

protonated propionic side chain of the cofactor, consistent with a 7-cm�1 downshift upon H/D 

exchange in the dark (Fig. 3). It has no positive counterpart in the ³3U-minus-PfU´�difference 

spectrum. Since the crystal structure of the Pfr state of PaBphP10 indicates a salt bridge 

between the propionate side chain of ring B with Arg209(211), this band is assigned to the 

C=O stretching of the ring C propionic side chain, which is in hydrogen bond distance to 

Ser275(Ala 276), Tyr163(165), and His277(278) in PaBphP(Agp2) (Fig. 1a). These three 

amino acids undergo rearrangements in early intermediate states of the Pfr-to-Pr 

photoconversion as shown for PaBphP crystals12.  
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The last step of the Pfr o Pr photoconversion  

Based on the vibrational assignments discussed above we analyzed the last step of the Pfr-to-

Pr phototransformation, i.e. the Meta-F-to-Pr transition. The RR spectrum of Meta-F is 

characteristic of a chromophore with all four pyrrole nitrogens carrying a proton (Fig. 4a) as 

indicated by the N-H ip mode of the rings B and C at 1553 cm�1 (1075 cm�1 in D2O; 

Supplementary Fig. S5). The C=O stretching of the ring C propionic side chain is upshifted 

from 1750 cm�1 in Pfr to 1756 cm�1 in Meta-F (Fig. 4d), possibly due to a reorientation of the 

propionic side chain after photoisomerization of the C-D methine bridge.  

Compared to Meta-F, significant changes are observed for Pr in the ³Pr-minus-3IU´�

difference spectra (Fig. 4e). First, the lack of a positive band attributable to the C=O 

stretching of the propionic side chain indicates its deprotonation during the transition from 

Meta-F to Pr. Second, there are strong difference signals of the protein backbone as confirmed 

by comparison with the corresponding spectrum of the 13C-labeled Agp2. These are the band 

pairs 1641(Pr)/1657(Pfr) cm�1 and 1561(Pr)/1536(Pfr) cm�1 that originate from the amide I 

and amide II modes, respectively. Third, the ring D C=O stretching of Pr at 1709 cm�1 

disappears at high pH (Fig. 5c). A fit of the Henderson-Hasselbalch equation to the signal 

intensities of the 1709 cm�1 band of Pr allows the determination of an apparent pKA of 7.6 

(Fig. 5b, top). The corresponding ring A C=O stretching remains as a broad signal at 1718 

cm�1.  

The most pronounced pH effects on the RR spectra are associated with a change in the 

protonation pattern of the chromophore as reflected, inter alia, by the disappearance of the N-

H ip mode of rings B and C (1571 cm�1) at high pH (Fig. 5a). Previously, these spectral 

changes were quantitatively analyzed in terms of a pH-dependent equilibrium between a 

SURWRQDWHG��³DFLG´�3U��DQG�D�GHSURWRQDWHG��³DONDOLQH´�3U��FKURPRSKRUH�with a pKa of 7.6  18. 

The same value was obtained from the IR spectroscopic analysis of the ring D C=O stretching 
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in the present work (vide supra). However, a careful inspection of the pH-dependent 

equilibrium (Fig. 5b, top�� UHYHDOV� WKDW� WKH� UHODWLYH� FRQFHQWUDWLRQ� RI� WKH� ³DFLG´� 3U� GRHV� QRW�

approach 1.0 at low pH but levels off at a constant value of ca. 0.89.  

 

pH dependence of the Pr o Pfr dark reversion  

The pH-dependent structural changes in the Pr state are paralleled by changes of the rate of 

the Pr-to-Pfr dark reversion. Kinetic data derived from multi-exponential fits to the UV-vis 

absorption changes were already reported previously18. Here we extended these experiments 

to a wider pH range (Supplementary Notes). The rate constant of the main exponential 

component strongly increases from pH = 9 to pH = 7 but seems to be pH-independent above 

pH = 9 and below pH = 7 (Fig. 5b, bottom). The Agp2 variant lacking the output module 

displays a similar behavior, albeit with distinctly faster kinetics. 

 

 

DISCUSSION 

Based on the analysis of the IR difference and RR spectra, we identified four events that occur 

upon transition from Meta-F to Pr, namely (1) the removal of one proton from the ring C 

propionic side chain and (2) one proton from the ring B/C N-H groups, (3) the disappearance 

of the ring D carbonyl function, and (4) a secondary structural change of the protein. 

 

Proton transfer from the ring C propionic side chain  

In Pfr and Meta-F, the ring C propionic side chain is protonated even up to a pH of 11. To our 

knowledge, such a high pKa was not reported before32,33.  The group remains protonated after 

photoisomerization and subsequent relaxation to Meta-F.  Dissociation of the proton takes 

place in the final transition from Meta-F to Pr already at pH values below 6, corresponding to 

a drop of the pKa by more than 5 units from Pfr to Pr. The IR spectra do not identify the 
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proton acceptor but due to the lack of a positive (Pr) band in the region between 1750 and 

1710 cm�1, a carboxyl function of a Glu or Asp can be ruled out.  

 

Tautomerism of the Pr chromophore  

In a previous work, the pH-dependent changes of the Pr chromophore of Agp2 were explained 

as proton transfer from the inner pyrrole rings to the protein18. In view of the present results, 

this interpretation must be revised. First, the disappearance of the N-H ip mode is not 

accompanied by the appearance of an IR band attributable to the protonation of a carboxyl 

side chain of an amino acid, among which Asp194(196) would be the most likely candidate. 

Second, the transfer of this proton to the protein, concomitant to the deprotonation of the ring 

C propionic side chain, would imply that the overall charge of the chromophore varied by two 

units during the Meta-F-to-Pr transition which appears to be highly unlikely. Furthermore, 

such a proton transfer cannot account for the disappearance of the ring D carbonyl function 

which occurs with the same pKa as the ring B/C deprotonation. Instead, these findings can be 

readily understood in terms of an intra-chromophore proton migration from the ring C 

nitrogen to the ring D oxygen, corresponding to a keto-enol tautomerization (Fig. 6). 

Accordingly, the pH-dependent equilibrium of the Pr chromophore of Agp2 is mirrored by an 

enol-keto equilibrium with the enol form prevailing at high pH.  

As a consequence, the titratable group that affects the enol-keto equilibrium is not part of 

the chromophore but is ascribed to a near-by amino acid residue which upon deprotonation 

stabilizes the enol tautomer of the chromophore. Thus, the spectroscopic titration refers to a 

coupled equilibrium (Fig. 6). The fit of the correspondingly modified Henderson-Hasselbalch 

equation to the experimental data affords an apparent pKa of 7.6, which together with the 

limiting value for the enol/keto equilibrium at low pH yields KT = 0.12 and pKB = 6.7. In view 

of this pKB value, the only candidate for the titratable group is His277(278), which in the Pr 
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state may be positioned in direct or water-mediated hydrogen-bond distance to the ring D N-H 

group of the chromophore (Supplementary Fig. S8).  

 

Proton dynamics controlling the intramolecular signaling process  

Recently Takala et al.13 observed a partial refolding of the tongue intruding into the 

chromophore pocket for the conversion from Pr to Pfr, corresponding to a transition from a E-

hairpin into one single D-helical segment. The resultant contraction of the tongue may then 

act as a mechanical switch to activate the attached histidine kinase module. Although this 

observation referred to a prototypical BV-binding phytochrome, it appears to hold true also 

for bathy phytochromes. The 1641 cm�1 band (Pr) and the 1657 cm�1 band (Pfr) in the IR 

difference spectra of Agp2 agree very well with the characteristic amide I positions of a E-

hairpin and a D-helix motif, respectively35,36. Correspondingly, the formation of the Pr state is 

associated with an elongation of the tongue. Whether this structural change in bathy 

phytochromes activates or deactivates the output module, remains to be clarified in view of 

conflicting literature data.4,12,21 

In addition to the protein structural changes, proton translocations occur during the Meta-

F±to±Pr transition. Within the chromophore pocket, the most likely acceptor for the proton of 

the ring C propionic group is His277(278) (Supplementary Fig. S8), which is also proposed 

to play a crucial role for the tautomerism of the chromophore in Pr. The enol tautomer can be 

described by resonance structures with either a C(15)-C(16) double or single bond (Fig. 6). 

The latter case enables rotation around this bond and thus the thermal Z/E isomerization as the 

first and most likely rate-determining step of the Pr-to-Pfr dark reversion. Thermal 

chromophore isomerization via an enol form has already been suggested earlier by Lagarias et 

al.2,37 and it is now strongly supported by the present spectroscopic results. At high pH (> 8) 

the dark reversion rate is slow and pH-independent since His277(278) may stabilize the 
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positive charge density at the ring D nitrogen of the enol form and thus the double bond 

character of the C(15)-C(16) bond. With the protonation of the imidazole ring of His277(278) 

upon lowering the pH, this interaction is removed and the enol resonance structure with a 

positive charge on the inner rings B and C and thus the C(15)-C(16) single-bond character is 

expected to gain weight such that rotation around this bond is facilitated. In fact, the pH 

dependence of the relative concentration of WKLV�³UHDFWLYH´�HQRO�IRUP��HQRO+His277H
+, Fig. 6), 

calculated from the constants KT and KB, agrees with that of the dark reversion kinetics (Fig. 

5b, bottom).  

The temporal correlation of proton translocations and the E-hairpin/D-helix transition 

during Pr formation already indicates the coupling of these processes. Most likely, the 

secondary structure change is induced by the substantial alteration of the electrostatics in the 

chromophore pocket, caused by the deprotonation of the ring C propionic group, the 

protonation of His277(278), and the charge redistribution in the chromophore associated with 

the keto-enol equilibrium. This conclusion is strongly supported by the fact that the histidine 

kinase itself has an impact on the keto-enol equilibrium of the Pr chromophore and its dark 

reversion rate. The pKa controlling the keto-enol distribution is lower by 0.4 units and the 

dark reversion rate correspondingly slower for the full-length Agp2 as compared to the 

truncated variant lacking the histidine kinase domain (Fig. 5b, bottom; Supplementary 

Notes). Furthermore, the key role of His277(278) for the proton-coupled processes in the 

chromophore pocket is revealed by substituting this residue by an alanine in full-length Agp2. 

Preliminary studies on the His278Ala mutant indicate a perturbation of the secondary 

structure changes associated with the Pr/Pfr transition, a substantial distortion of the keto-enol 

equilibrium of the Pr chromophore, and a drastically reduced dark reversion rate by ca. three 

orders of magnitude compared to the wild-type full-length Agp2 (Supplementary Figs. S9, 

S10). 
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In summary, we conclude that protonation dynamics in the chromophore pocket are linked 

to two distinct processes: the (de)activation of the output module and the dark reversion to Pfr 

which represents the thermal decay pathway of the Pr state as an alternative to the light-

induced Pr-to-Pfr transformation. Thus, the same proton re-arrangements that are coupled to 

the (de)activation of the output module, simultaneously initiate the reversal of this process, 

corresponding to a negative feedback mechanism. 

Finally, we wish to discuss the relevance of the present findings for phytochromes in 

general. First, dark reversion via an enol-keto tautomerism is likely to be common to all 

representatives of the phytochrome family although in prototypical phytochromes (Pfr-to-Pr 

dark reversion) no enolic form has yet been detected in the Pfr state, possibly due to a low 

steady state concentration. Second, also protonation state variations of conserved His residues 

in the chromophore pocket are known for prototypical phytochromes and have been shown 

for the Pr state of cyanobacterial and plant phytochromes38,39. Furthermore, the counterpart of 

His277 in prototypical phytochromes is involved in the reprotonation of the chromophore in 

the last step of the photoinduced Pr-to-Pfr conversion and thus is essential for the formation of 

the (signaling) Pfr state25,26. Hence, the sequence of chromophore isomerization, proton 

translocation, and protein structural changes may represent a scheme for all phytochromes, 

thereby resembling the mechanistic pattern of retinal proteins40. If, however, a similar 

coupling of light-triggered (de)activation of the output module and its thermal reversal, as 

deciphered for bathy phytochromes, also holds for other phytochromes, remains to be 

explored.  
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MATERIALS AND METHODS 

Sample preparation  

Agp2 and PaBphP were heterologously expressed and assembled in vitro with BV as 

described elsewhere20,41. For 13C-labeling of Agp2 D-Glucose 13C6 (99% 13C; Cortecnet; 

France) was used as carbon source. The 13C-labelled apoprotein was assembled with non-

labeled BV. Buffer solutions used for the RR experiments included 50 mM Tris/HCl, 300 mM 

NaCl, 5 mM ethylendiaminetetraacetic acid in H2O (D2O) at pH (pD) of 7.8. Protein samples 

were concentrated via Microcon filters up to a value corresponding to an optical density of ca. 

40 at 280 nm (ca. 10 mg/mL). For IR experiments the concentration was higher by a factor of 

ca. 10. H/D or D/H exchange involved 5 washing steps with D2O or H2O buffer solution (30 

min centrifugation at 10000 g per step).  The H/D (D/H) exchange was either carried out in 

the dark or was followed by a controlled photoconversion from Pfr to Pr and back to Pfr. This  

was achieved by sample illumination in the Pfr (Pr) state for 10 sec (2 min) at +20°C with 

light of 785 nm (660 nm) using a light emitting diode, corresponding to a photon fluence of 

ca. 2�1022 (4�1022) photons/m2.  

 

Resonance Raman and IR experiments  

RR measurements were performed using a Bruker Fourier-transform Raman spectrometer 

RFS 100/S with 1064 nm excitation (Nd-YAG cw laser, line width 1 cmí1), equipped with a 

nitrogen-cooled cryostat from Resultec (Linkam). All spectra were recorded at 90 K with a 

laser power at the sample of 780 mW. In order to identify potential laser-induced damage of 

the phytochrome samples spectra before and after a series of measurements were compared. 

In no case, changes between these control spectra were determined. For each spectrum the 

accumulation time was ca. 1 h. Protein and buffer Raman bands were subtracted on the basis 

of a Raman spectrum of apo-phytochrome. The pure spectra were further analyzed by a band 

fitting procedure assuming Lorentzian band shapes. These Lorentzian functions obtained from 
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the fits were then combined to yield the component spectrum of the respective state19. The 

intermediate state Meta-F was accumulated by irradiation the Pfr sample at ca. 240 K with 

785 nm (vide supra). Residual contributions of non-photolyzed Pfr to the RR spectrum 

measured at 90 K were subtracted. The spectra of the Pr state were obtained as described 

elsewhere18. 

For IR spectroscopic measurements the protein samples were placed between two BaF2 

ZLQGRZV� ����PP�GLDPHWHU��ZLWK� D� ���P� WKLFN�37)(-spacer and equilibrated at 273 K. IR 

spectra were recorded in a Bruker IFS66v/s spectrometer equipped with a liquid nitrogen 

cooled MCT detector (J15D series, EG&G Judson). Spectra were recorded 2 minutes prior to 

illumination and 30 seconds after the illumination and subsequently the ³3r-minus-3IU´�

difference spectra were calculated by subtracting the Pfr spectra from the Pr spectra.  

 

Calculation of the vibrational spectra  

Raman and IR spectra were calculated using the quantum-mechanics/molecular-mechanics 

(QM/MM) hybrid methodology in conjunctions with molecular dynamics (MD) simulations 

as described previously19. The spectra refer to the QM96 fragment of the optimized crystal 

structure of the Pfr state PaBphP (PDB 3C2W) defined in ref. 19, and represent the average 

of 50 snapshot spectra obtained from the MD simulations.  
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Figure captions 

Figure 1 _ Photocycle and structural models of the Pfr state of PaBphP and Agp2. (a), 

right, schematic cartoon representation of the three domain - photosensory module (PAS-

GAF-PHY) from the crystal structure of PaBphP (PDB entry 3C2W)10 in the Pfr state. Left, 

close-up view of the chromophore binding pocket of PaBphP (amino acids [aa] colored as 

green and blue sticks, the chromophore biliverdin as purple balls and sticks)10, and the 

homology model of Agp2 (aa as yellow sticks) as described previously19. Bold letters indicate 

to Agp2-specific amino acids compared with PaBphP. The aa numbering in the text refers to 

PaBphP with the corresponding values for Agp2 given in parentheses. Potential hydrogen 

bonds are indicated with black dashes. (b), simplified representation of the photoinduced 

reaction sequences of bathy phytochromes. Purple and red arrows indicate the photoreactions 

whereas the thermal reactions are denoted by grey arrows. 

 

Figure 2 _ Experimental and calculated Raman spectra of the Pfr state of Agp2 in the 

C=C stretching region with different protonation/deuteration patterns of the 

chromophore. The black traces represent the experimental resonance Raman (RR) spectra in 

the fully protonated state (H2O), the partially deuterated state (H o D, dark), and the fully 

deuterated state (H o D, hQ), compared with the calculated Raman spectra (red) for the 

chromophore with different protonation/deuteration patterns as illustrated by simplified 

formulas (left). Calculated spectra were obtained from the optimized structure of the Pfr state 

of PaBphP. The experimental spectra of the Pfr state of PaBphP are essentially identical to 

those of Agp2 for each of the H/D exchange conditions (Supplementary Fig. S1). Upon H/D 

exchange in the dark, the N-H ip of rings B and C at 1549 cm�1 disappears (the corresponding 

N-D ip mode is observed at 1062 cm�1; Supplementary Fig. S1). The stepwise downshift of 

the C=C stretching of the C-D methine bridge from 1599 to 1596 cm�1 (from H2O to H o D, 
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dark) and after a photocycle to 1589 cm�1 (H o D, hQ) is due to the admixture of the N-H ip 

bending coordinates of rings C and D as confirmed by the calculated spectra. Thus, sequential 

H/D exchange in the dark occurs at rings A, B, and C, and after a full photocycle at ring D. 

The good agreement of the experimental and calculated spectra (all rings protonated - H2O; 

only rings A, B, C deuterated - H o D, dark; all rings deuterated - H o D, hQ) also holds for 

the entire spectral range as well as for the spectra of the reverse exchange process 

(Supplementary Figs. S2, S3). In contrast, the calculated spectrum for the protonation pattern 

with ring A protonated but rings B, C, and D deuterated overestimates the downshift of the 

C=C stretching mode of the C-D methine bridge and predicts two distinct shoulders on the 

high frequency side that are not matched by the experiment. 

 

Figure 3_ IR difference spectra of Agp2 showing the C=O stretching region for different 

protonation/deuteration states of the chromophore. The difference spectra were measured 

from the fully protonated (H2O), the partially deuterated state (H o D, dark), and the fully 

deuterated state (H o D, hQ). Left, ³3U�PLQXV�3IU´�difference spectra recorded at T = 293 K 

(pH 7.3). Positive and negative signals refer to bands of the Pr and Pfr state, respectively. The 

H/D sensitivity of the C=O stretchings of ring A and D originates from the admixture of N-H 

coordinates of the same ring. The top spectrum (H2O, black trace) is overlaid by the 

corresponding difference spectrum of the 13C-labeled protein (grey trace), indicating that 

above 1680 cm�1 only the weak and broad feature at ca. 1734 cm�1 (marked in grey) displays 

a 13C-dependent downshift and thus must originate from a (protonated) carboxyl side chain of 

the protein. This assignment is confirmed by the ca. 8-cm�1 downshift upon H/D exchange in 

WKH�GDUN�LQ�WKH�³3U-minus-3IU´, also seen in the corresponding ³0HWD-F-minus-3IU´�GLIIHUHQFH�

spectrum (right panel). Right, ³0HWD-)�PLQXV�3IU´�GLIIHUHQFH�VSHFWUD�UHFRUGHG�DW�7� �240 K 

(pH 7.8). Positive and negative signals refer to bands of the Meta-F and Pfr state, respectively. 
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Band labels of the Pfr state and the reaction product (Pr, left; Meta-F, right) are highlighted in 

red and blue, respectively. Italic labels ³A´��³D´��DQG�³prop´�UHIHU�WR�WKH�& 2�VWUHWFKLQJV�RI�

ring A, ring D, and the ring C propionic side chain, respectively. The JUHHQ� OHWWHUV�³+´�DQG�

³'´� LQ�SDUHQWKHVHV�specify the respective protonation/deuteration state of the propionic side 

chain and the pyrrole nitrogens of rings A and D. The crucial C=O stretching of ring D of 

Pr/Meta-F at 1709 cm�1 is labeled by bold letters/numbers. Further details of the assignments 

and the corresponding analysis for PaBphP are given in the Supplementary Figure S4. 

 

Figure 4_ Resonance Raman and IR difference spectra of Agp2 obtained from samples in 

H2O. Left, Resonance Raman (RR) spectra of (a) the Meta-F state trapped at 240 K (pH 7.8), 

and the two forms of the Pr state prevailing below (b��UHG��³DFLG´�3U��DQG�DERYH�S+� ������c, 

EOXH��³DONDOLQH´�3U���The spectra (b) and (c) are derived from a component analysis of the RR 

spectra measured as a function of the pH as described previously18. 7KH� ³DFLG´� 3U� form 

displays striking RR spectroscopic similarities with the Meta-F state indicating similar 

chromophore conformations. The same conclusion can be derived from the IR spectra 

(Supplementary Fig. S6). Right, IR difference spectra (d��³0HWD-)�PLQXV�3IU´��PHDVXUHG�DW�

240 K, and (e��³3U�PLQXV�3IU´��black trace), measured at 293 K. The grey trace in (e) refers to 

WKH�³3U�PLQXV�3IU´�GLIIHUHQFH�VSHFWUXP�REWDLQHG�IURP�D�VDPSOH�RI�
13C-labelled protein. All IR 

spectra were measured at pH 7.8. Blue and red labels refer to bands of the Pfr and Pr/Meta-F 

state, respectively. 

 

Figure 5_ Effect of the pH on the structure and dark reversion kinetics of the Pr state of 

Agp2. (a) Resonance Raman (RR) spectra of the Pr state of Agp2 obtained from samples in 

H2O buffer at different pH. %OXH� DQG� UHG� OLQHV�ODEHOV� LQGLFDWH� EDQGV� RI� WKH� ³DONDOLQH´� DQG�

³DFLG´�3U�IRUP��UHVSHFWLYHO\��VHH�Fig. 4b,c). (c) ,5�GLIIHUHQFH�³3U-minus-3IU´�VSHFWUD�RI�$JS��
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obtained from samples in H2O buffer at different pH. Blue and red lines/labels indicate bands 

of the Pfr and Pr state�� UHVSHFWLYHO\�� 1RWH� WKDW� WKH� FRUUHVSRQGLQJ� ³0HWD-F-minus-3IU´�

differences do not vary with the pH in this range (Supplementary Fig. S6). (b, top) pH-

dependence of thH� UHODWLYH� FRQFHQWUDWLRQV� RI� WKH� ³DFLG´� 3U� IRUP� ZLWK� ERWK� ULQJ� B and C 

nitrogens protonated (red triangles) as determined from the component analysis of the RR 

spectra18. The black triangles refer to the pH-dependence of the absorbance of the ring D C=O 

of the Pr state at 1709 cm�1 measured as a function of the pH. The solid lines represent fits of 

the modified Henderson-Hasselbalch equation to the data. Further details are given in the text 

and the Supplementary Notes. (b, bottom) Rate constant of the Pr-to-Pfr dark reversion 

(main component of the multi-exponential decay ± see Supplementary Notes for details) 

plotted as a function of the pH. The solid line represents the pH-GHSHQGHQFH�RI�WKH�³UHDFWLYH´�

enol+His277H
+ species (Fig. 6) determined from the RR spectroscopic data in on the basis of 

the modified Henderson-Hasselbalch function in (b, top). The green circles (line) and blue 

squares (line) refer to the full-length Agp2 and the truncated Agp2 lacking the histidine kinase 

module, respectively. Note the different scales of the rate constants for both protein variants. 

 

Figure 6_ Keto-enol equilibrium of the Pr chromophore of bathy phytochromes and its 

role for the Pr-to-Pfr dark reversion. The figure displays the reaction scheme for the 

coupled pH-dependent distribution between the keto and the enol form of the chromophore in 

the Pr state of Agp2. Since the keto form is not detectable at high pH, but a residual 

contribution of the enol persists a low pH (Fig. 5b, top), we can neglect the ³NHWR���+LV���´�

species (colored in grey), leaving only one pH-dependent acid-base equilibrium of His278 

(His277 in PaBphP), and a pH-independent enol-keto equilibrium with the equilibrium 

constants KB and KT, respectively. Note that, unlike to the kinetics, keto-enol equilibria are 

typically pH-independent34. Upon protonation of His278 via the ring C propionic group of 
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biliverdin (BV), the interactions with the ring D N-H group of BV are weakened and the 

resonance structure with C(15)-C(16) single bond character (reactive species, enol+His277H+; 

top, right) gains weight over that of the inactive form (enol`���His; bottom right), thereby 

facilitating rotation around this bond (red curved arrow).  
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1. Vibrational assignments based on the selective H/D exchange in bathy 

phytochromes

Figure S1. RR spectra of the Pfr states of PaBphP (grey) and Agp2 (black) (A) in the fully 

protonated (non-deuterated) state, (B) after H o D exchange in the dark (rings A, B, and C

deuterated), and (C) after H o D exchange and a complete photocycle (fully deuterated). 

Further details are given in the text. All spectra measured at pH(pD)=7.8.



Figure S2. Difference of the experimental RR spectra of Pfr “HoD, hQ” minus “HoD, dark” 

for Agp2 (black trace) and PaBphP (grey trace). The red difference traces refer to the 

differences obtained from the calculated spectra “fully deuterated” minus “only rings A, B, 

and C deuterated” (top) and “fully deuterated” minus “only rings B, C, and D deuterated” 

(bottom). Only the top calculated difference spectrum provides a good description for the 

experimental difference spectrum confirming that in the dark the H/D exchange in Pfr of both 

Agp2 and PaBphP is hindered for ring D. Note that the sensitivity of the C=C stretching of 

the C-D methine bridge towards H/D exchange results from the admixtures of the N-H ip 

coordinates of ring C and D which are removed upon from H/D exchange at the respective 

rings. All spectra measured at pH(pD)=7.8.



Figure S3. Experimental RR spectra of Pfr of Agp2 (black) in the fully deuterated state (top), 

upon D/H exchange in the dark (middle), and upon D/H exchange after a photocycle. The 

spectra are compared with calculated spectra (red) for different protonation patterns as 

indicated on the left side. The comparison demonstrates that the experimental spectrum of the 

partially exchanged chromophore (middle) is only well reproduced by the spectrum calculated 

for the AH-BH-CH-DD pattern, indicating that also the back-exchange (HoD) is hindered at 

ring D without completing a photocycle. All spectra measured at pH(pD)=7.8.



Figure S4. IR difference spectra “Pr minus Pfr” for PaBphP (left) and Agp2 (right) for the 

fully protonated (H2O), the partially protonated (HoD, dark), and the fully deuterated (HoD, 

hQ) state. The blue and red letters refer to the C=O stretchings of rings A, D, and the ring C

propionic side chain of Pfr and Pr, respectively. The green letters (H, D) indicate the 

protonation/deuteration of the respective pyrrole rings and the propionic side chain. The H/D 

sensitivity of the C=O stretchings of ring A and D originates from the admixture of N-H

coordinates of the same ring. All spectra measured at pH(pD)=7.6.

 

 



2. RR and IR spectroscopic analysis of the Meta-F-to-Pr transition

 

 

Figure S5. RR spectra of Meta-F in H2O (fully protonated – black), after H/D exchange in the 

dark (blue), and after a complete photocycle (red - complete exchange). The spectra were 

measured from samples at pH(pD)=7.8 trapped at 240 K. The N-H ip (N-D ip) bending of 

rings B and C indicate that both inner pyrrole rings (B, C) carry a proton (deuteron). The shifts 

of the C=C stretching of the C-D methine bridge upon the sequential H/D exchange reflect at 

first the removal of the contribution of the ring C N-H ip (leading to a downshift of the mode) 

and subsequently the removal of the N-H ip contribution of ring D (slight upshift of the mode 

frequency). The differences between the partial and complete H/D exchange are shown by the 

difference spectrum (grey).



Figure S6. IR difference spectra “Meta-F minus Pfr” of Agp2 measured at 240 K from 

samples at different pH. The spectra are very similar in a wide pH range indicating that in 

both Pfr and Meta-F the protein and chromophore structure are not affected by the pH. Note 

that the propionic side chain of ring C is detectable even at pH=10.



3. pH dependence of the keto-enol tautomerism and the dark reversion 

kinetics of Pr

3.1. Analysis of the pH-dependence of the spectra of the Pr state

Experiments were carried out with the full-length Agp2 (denoted as Agp2-M1) and the 

truncated version Agp2-M2 lacking the histidine kinase domain. Expression and purification 

of both protein variants followed the protocol given in ref. 18. 

Analysis of the UV-vis spectroscopic measurements.

The UV-vis spectra of the Pfr and Pr form were recorded with a Cary 50 UV-vis 

photospectrometer at 23°C.  The pH of the buffer (100 mM Tris, 5 mM EDTA, 300 mM NaCl 

in H2O) was adjusted to the desired value by NaOH or HCl. Subsequently, the protein was 

added such that the final concentration corresponded to an optical density of ca. 3.7 at 280 

nm. The pH was controlled after each measurement. Photoconversion from the Pfr to the Pr 

state was achieved by using a laser diode emitting at 785 nm. Pure Pr spectra were calculated 

according to ref. 18. The Pfr und Pr spectra were normalised with respect to the absorption at 

280 nm. The absorption of the Pr form at 706 nm and of the Pfr form at 756 nm was then 

plotted against the pH. In order to calculate the apparent pKa,app of the keto-enol equilibrium in 

the Pr state, the Henderson-Hasselbalch equation was fitted to the uncorrected titration data

according to ref. 18. Within the pH range of 6 to 10 the absorption of the Pfr state of Agp2-

M1 and Agp2-M2 at 756 nm remained constant.

Whereas for Agp2-M1, the previously published value of pKa,app=7.6 (ref. 18) could be well 

reproduced, there are considerable discrepancies for Agp2-M2. We adopted the same 

experimental conditions as used in that study except for the irradiation time to convert Pfr to 

Pr. Here we have used a much shorter time between 5 s (at pH 6.1) and 80 s (at pH 11.2) 

immediately followed by the measurements (there was no delay time between irradiation and 



measurements). In this way, the extent of dark reversion prior to the measurements was 

significantly reduced as can be seen by the UV-vis spectra in Fig. S7. The corresponding 

pKa,app was determined to be 8.0 and thus by 0.4 units higher than for Agp2-M1 whereas in 

contrast a significantly lower pKa,app was reported in ref. 18.

Fig. S7. UV-vis absorption spectra of Agp2-M2 after far-red photoconversion from Pfr to Pr, 

measured as a function of the pH. The pH decreases in the direction of the arrows from 11.2, 

9.7, 9.4, 8.8, 8.4, 7.9, 7.5, 7.2, 6.6, and 6.2. Contributions from Pfr that increase with 

decreasing pH are not subtracted.

Analysis of the RR and IR spectroscopic measurements.

The analysis of the RR spectra of Pr (Agp2-M2), measured as a function of the pH, was 

described in detail in ref. 18. As a result, the relative concentrations of the “acid” and the 



“alkaline” Pr were obtained, which in that work were related to an acid-base equilibrium 

corresponding to a proton transfer from the chromophore to the protein. In view of the present 

results this interpretation must be revised. Instead, the “acid” Pr and “alkaline” Pr are 

identified as keto and enol tautomers, respectively. As shown in the text, the keto-enol 

equilibrium itself is not pH-dependent but it is coupled to the protonation of the nearby 

His277 (PaBphP; 278 in Agp2) according to the scheme in Fig. 6 of the manuscript. The two 

enol forms, however, cannot be distinguished by RR (or other optical) spectroscopy.  Thus, 

re-analysis of the pH dependence of the “acid” Pr (= keto) and “alkaline” Pr (=enol) forms

requires a modification of the Henderson-Hasselbalch equation.

According to the scheme in Fig. 6 we define the keto-enol equilibrium as

(1) -Í L
>Øáâß:º;?

>ÞØçâ?

where “enol(A)” refers to enol form and the protonated His277(278). The equilibrium 

between this enol(A) form and the enol(B) form interacting with the non-protonated 

His277(278) is given by

(2) -» L
>Øáâß:»;?>Á6?

>Øáâß:º;?

The total, spectroscopically detectable enol content is denoted by “enol” and is given by

(3) >AJKH? L >AJKH:#;? E >AJKH:$;?

By combination with Eq. (1) and (2) one obtains
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Thus one obtains for concentration ratio [enol]/[keto] as determined from the RR experiments

(5)
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At pH > KB, Eq. (5) can be approximated by 

(6)
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which corresponds to the classical Henderson-Hasselbalch equation
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where the apparent pKa,app is given by

(8) L-ÔáÔãã L L-» E L-Í

pKB and pKT are derived from the dissociation constant KB for the protonated His277(278) 

and the keto-enol equilibrium constant KT, respectively. KB can be determined from Eq. 5 for 

the case pH < KB, i.e, in acidic solution. Then Eq. 5 transforms to

(9)
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Since KT is readily determined to be 0.12 (Fig. 5B), the apparent pKa,app is higher than the pKB

of the actual acid/base equilibrium, i.e. the dissociation of the protonated His277(278). From 

the RR measurements one obtains pKa,app=7.6 and thus pKB=6.7. The IR spectroscopic data 

probe the disappearance of the keto form. The solid lines in Fig. 5B represent a fit of Eq. 5 to 

the IR and RR data. The UV-vis spectroscopic analysis carried out in this work as well as in 

ref. 18 afford the apparent pKa,app. It is important to note that the UV-vis spectroscopic data is 

consistent with the present interpretation as keto-enol equilibrium, since the reduced 

absorbance of the first electronic transition may primarily be due to the removal of a proton 

from ring C nitrogen and does not necessarily reflect a change of the net charge of the 

chromophore.

Kinetic analysis of the dark reversion 

Following the protocol described in ref. 18 but using different irradiation conditions (vide 

supra), the thermal time-dependent formation of Pfr was monitored at 750 nm. The data were 

analysed by fitting a bi-exponential function. The main component exhibited a time constant 

that was typically larger by a factor of ten than that of the second component.

The data demonstrate that dark reversion of the Pr state in Agp2-M1 is distinctly slower than 

in Agp2-M2. There is no indication for a kinetic isotope effect.



4. Structural models for the Pfr and Pr state

Fig. S8. Structural models of the Pfr and Pr state. Left, schematic representation of the 

chromophore pocket of the crystal structure from PaBphP (PDB entry 3C2W)10 in the Pfr 

state (amino acids and the chromophore biliverdin are colored as green and blue sticks and  

purple balls and sticks, respectively; see Fig. 1). Potential hydrogen bonds are indicated with 

black dashes. Right (colour code as above), structural interpretation of a potential Pr state 

model of the chromophore pocket derived and extracted from the crystal structure of the 

PaBphP mutant Q188L. The crystal structure of PaBphP mutant Q188L is a “mixed state” 

that include fractions of both the Pr and Pfr forms (PDB entry 3G60 with a mixed Pfr-Pr 

chromophore configuration)11. Red arrows indicate possible structural changes within the 

chromophore pocket.



5. Preliminary data on the H278A variant of Agp2

Reconstitution of the H278A variant of Agp2 (Agp2-H278A) with BV occurs in the Pr state 

which is stable for many hours. The dark transformation to the Pfr state at pH 7.8 requires 

more than 10 hours and is thus slower by ca. three orders of magnitude than the wild-type 

(WT) protein. IR difference spectra (Fig. S9) and RR spectra (Fig. S10) indicate that the 

His278 substitution impairs the secondary structure transition associated with the Pr/Pfr 

transformation and the formation of the keto/enol equilibrium in the Pr chromophore.

Fig. S9. IR difference spectra “Pr minus Pfr” of the WT Agp2 (black trace) and the Agp2-

H278A variant (red trace), measured at ambient temperature at pH 7.8.

In the difference spectrum of Agp2-H278A the intensity of the negative (Pfr) 1657-cm�1 band, 

characteristic of D-helix structural elements, is strongly reduced compared to the WT 

spectrum, implying a distorted secondary structure in the Pfr state. Thus, the E-hairpin/D-helix

transition associated with the Pr/Pfr conversion is impaired by the His278-to-Ala substitution.



Furthermore, the difference spectrum of Agp2-H278A displays a small positive signal at 1759 

cm�1 in the region of the C=O stretching of the protonated propionic side chain. This is in 

contrast to the Pr-minus-Pfr difference spectrum of the WT protein (no positive signal, 

deprotonated propionic side chain) but reminiscent of the Meta-F-minus-Pfr difference 

spectrum of the WT Agp2 where a distinct positive signal is observed (protonated propionic 

side chain - see Fig. S6). The C=O stretching of ring D of the Agp2-H278A appears to be 

downshifted and thus partially coincides with the corresponding negative band of Pfr. This 

interpretation is consistent with the RR spectrum of the Pr state of Agp2-H278 which even at 

pH 7.8 does not reveal any indication of the enol tautomer (see below, Fig. S10).

Fig. S10. RR spectra of the Pr state of WT Agp2 (black) and Agp2-H278A (red) at pH 7.8. 

The spectrum of the mutant displays the vibrational pattern characteristic of the keto form of 

the chromophore, including the N-H ip bending mode of rings B and C. In contrast, the WT 

Agp2 spectrum reflects a mixture of the keto and the enol form, as indicated by characteristic 

marker bands for the enol (blue labels) and the keto form (red labels).



7. Results: Pr fluorescence tuning parameters in

Rph2 phytochrome

7.1. Structural parameters controlling the fluorescence properties

of phytochromes

“Reprinted (adapted) with permission from: F. Velazquez Escobar, T. Hildebrandt, T.

Utesch, F. J. Schmitt, I. Seuffert, N. Michael, C. Schulz, M. A. Mroginski, T.

Friedrich and P. Hildebrandt. Structural parameters controlling the fluorescence

properties of phytochromes. Biochemistry 2014, 53, 20–29. [doi:10.1021/bi401287u].

Copyright ©2013 American Chemical Society. ”
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ABSTRACT: Phytochromes constitute a class of photo-
receptors that can be photoconverted between two stable
states. The tetrapyrrole chromophore absorbs in the red
spectral region and displays fluorescence maxima above 700
nm, albeit with low quantum yields. Because this wavelength
region is particularly advantageous for fluorescence-based deep
tissue imaging, there is a strong interest to engineer
phytochrome variants with increased fluorescence yields.
Such targeted design efforts would substantially benefit from
a deeper understanding of those structural parameters that
control the photophysical properties of the protein-bound chromophore. Here we have employed resonance Raman (RR)
spectroscopy and molecular dynamics simulations for elucidating the chromophore structural changes in a fluorescence-
optimized mutant (iRFP) derived from the PAS-GAF domain of the bacteriophytochrome RpBphP2 from Rhodopseudomas
palustris. Both methods consistently reveal the structural consequences of the amino acid substitutions in the vicinity of the
biliverdin chromophore that may account for lowering the propability of nonradiative excited state decays. First, compared to the
wild-type protein, the tilt angle of the terminal ring D with respect to ring C is increased in iRFP, accompanied by the loss of
hydrogen bond interactions of the ring D carbonyl function and the reduction of the number of water molecules in that part of
the chromophore pocket. Second, the overall flexibility of the chromophore is significantly reduced, particularly in the region of
rings D and A, thereby reducing the conformational heterogeneity of the methine bridge between rings A and B and the ring A
carbonyl group, as concluded from the RR spectra of the wild-type proteins.

T he technological developments in fluorescence micros-
copy in the past years have prompted substantial efforts

for exploiting these methods in biology.1−3 Using chemically
attached fluorescent dyes, it is possible to monitor specific
target biomolecules with a high sensitivity down to the single-
molecule level and a spatial resolution beyond the diffraction
limit. The chemical modification of biomolecules is, however,
only of limited applicability for probing cellular processes. As an
alternative for in vivo studies, genetically encoded fluorescent
proteins or cofactor-protein complexes are used as optical
markers by generating fusion constructs with the proteins of
interest.1,4−7 Widely used genetically encoded fluorescence
markers are the green-fluorescent protein (GFP), originally
isolated from the marine jellyfish Aequorea victoria and its
engineered spectral variants, as well as its homologues from
other species, which today cover nearly the whole visible
spectrum.1−3 A substantial drawback of these GFP-derived
fluorescent labels is the restriction of the “working” range to the
visible spectral region, where they compete with the absorption
and emission properties of various natural pigments. Moreover,
the significant overlap between their excitation and emission
spectra limits the possibilities for spectral demultiplexing in
order to discriminate the spatial distribution or the interaction
patterns of a larger number of fluorophore-tagged target

molecules. Although in the blue spectral range, problems arise
from significant overlap with cellular autofluorescence, the red
region suffers from the limited number of available fluorescent
proteins, which additionally exhibit limited brightness or
photostability.3 Thus, there is still a high demand for additional
and improved red and far-red fluorophores to expand the
toolkit of fluorescence microscopy and to take benefits from the
superior signal-to-noise ratio in this spectral range. To fulfill
these necessities, it is highly desirable to utilize photoreceptors
absorbing and emitting in the near-infrared optical window.
Biliproteins such as phytochromes fulfill these spectral

requirements because the tetrapyrrole cofactor absorbs between
660 and 700 nm and fluorescence maxima are above 700 nm.8

Phytochromes act as photoswitches between two (meta)stable
states that are denoted as Pr and Pfr, according to the red and
far-red absorption maxima of the chromophore. Photoinduced
interconversion between these parent states is linked to the
activation or deactivation of a catalytic module, frequently a
histidine kinase.
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However, natural phytochromes have an intrinsically low
fluorescence quantum yield of usually less than 2%.9 As a
consequence, significant efforts have been made to genetically
engineer variants of bacterial phytochromes, carrying a
covalently bound biliverdin (BV) cofactor, to improve the
fluorescence properties by increasing the quantum yield, raising
the extinction coefficient, and shifting the fluorescence
maximum further to the near-infrared. First successful examples
have been generated on the basis of the chromophore binding
domain (CBD) of bacteriophytochromes.4−6 The IFP1.4
variant of DrBphP from Deinococcus radiodurans showed an
increase of the fluorescence yield from 1.9 to about 7%,5 and
similar or even higher yields of ca. 6% and 11% were obtained
for constructs engineered from the Rhodopseudomas palustris
bacteriophytochrome RpBphP2 and RpBphP6, respectively.4,6

Although these values are still by far inferior to those of GFP
variants, the spectral properties are likely to improve by further
genetic optimization. In addition, these far-red chromophores
enable novel means of noninvasive deep-tissue monitoring by
rapidly emerging photoacoustic tomography or imaging
techniques.5,10

It is therefore of particular interest to analyze those structural
parameters that control the fluorescence quantum yield and the
energies of electronic absorption and fluorescence of BV in
phytochromes. In this respect, the recent crystallographic
analysis of fluorescing CBD variants of DrBphP constitutes an
important basis for correlating photophysical properties of the
cofactor with structural changes at the chromophore binding
site induced by amino acid substitutions.9 Additional
information on the excited-state reactions can be derived
from ultrafast spectroscopy, as recently shown for mutants of
RpBphP2 and RpBph3.11−14

In this work, we have employed resonance Raman (RR)
spectroscopy, combined with molecular dynamics (MD)
simulations, to analyze the ground state conformation of the
cofactor and its intermolecular interactions within the
chromophore binding pocket. Here, we have used these
techniques to identify structural changes of the BV
chromophore in the fluorescence-optimized mutant iRFP,
which was recently used for deep-tissue imaging in mice.4

The mutant is derived from the two-domain PAS-GAF
fragment of RpBphP2 (termed PG-P2 herein), lacking the
PHY domain that is required for the proper phototransforma-
tion between the parent states Pr and Pfr and, thus, for its
natural biological function.

■ MATERIALS AND METHODS

Cloning Strategy. For the expression of holophytochrome,
we constructed three plasmids bearing the coding sequence for
different apo-phytochromes and one plasmid with a heme
oxygenase for in-cell biliverdin synthesis. The amino acid
sequence of RpBphP215 was adopted from Uniprot Q6N5G3
and the iRFP sequence from Filonov et al.10 cDNAs for
RpBphP2 amino acids 1−501 (PAS-GAF-PHY, termed PGP-
P2 herein) and iRFP (316 AS) were generated by commercial
gene synthesis (GeneArt, Life Technologies) using the
GeneOptimizer algorithm to optimize codon usage for
expression in mammalian cells (sequences available on
request).16 To obtain the PAS-GAF fragment of RpBphP2
(amino acids 1−316; termed PG-P2 herein), an appropriate
stop codon was introduced into the RpBphP2 1−501 cDNA.
The cDNAs were excised by BamHI and NotI and ligated in
frame into a modified pQE81L-Amp vector (Qiagen) carrying

an ampicillin resistance gene and harboring an engineered NotI
restriction site. This resulted in protein sequences with an N-
terminal 6xHis tag (N-terminal sequence MRGSHHHHHH-
TDPAT) preceding the start methionine of the iRFP, PG-P2,
and PGP-P2 sequences.
The cDNA of the human heme oxygenase type 2 (hHox2)

was amplified from the IMAGE consortium clone
IMAGE:2821444 by PCR, using primers harboring SphI and
KphI restriction sites. The PCR fragment was restricted with
SphI and KpnI and ligated in frame into the similarly cut
pQE81L-Kan vector, which carries a kanamycin resistance gene.
The complete open reading frame of hHox2 cDNA sequence
was verified by sequencing (Eurofins MWG Operon). To avoid
copurification of hHox2 in Ni2+-sepharose column chromatog-
raphy, the N-terminal 6xHis tag was deleted afterward, using
the QuikChange mutagenesis kit (Stratagene). Deletion was
verified by sequencing (Eurofins MWG Operon).
In order to accomplish biliverdin cofactor insertion into

phytochromes already upon protein expression in E. coli,
NEBturbo cells (New England Biolabs) were transformed with
a 1:1 mixture of pQE81L-Kan plasmid with hHox2 and one of
the pQE81L-Amp plasmids with iRFP, PG-P2, or PGP-P2
sequences. The transformed cells were grown overnight at 37
°C on LB-agar selection plates containing 50 μg/mL kanamycin
and 50 μg/mL ampicillin.

Expression and Purification. For protein expression, 3 ×

400 mL of LB-medium with kanamycin and ampicillin were
inoculated from a preculture to 0.1 optical density (OD) and
grown at 37 °C in an orbital shaker (200 rpm) to an OD of 0.6.
After induction with 500 μM IPTG cells were grown for 24 h at
37 °C (iRFP and wild-type PG-P2) or at 20 °C for 48 h (wild-
type PGP-P2). Cells were harvested by centrifugation, yielding
deeply blue-green-colored pellets, indicating formation and
integration of the intact BV cofactor into the bacteriophyto-
chrome variants. Cell pellets were resuspended in phosphate
buffer and lysed by two passages through a French press
(18000 psi). After removal of the cell debris by centrifugation
(24000g, 4 °C), the clarified supernatant was purified on Ni2+-
Sepharose columns (GE-Healthcare) according to the
manufacturers̀ manual (20 mM imidazole was supplemented
to the supernatant as recommended). Purest fractions (SAR ≥

1) were pooled and dialyzed against 50 mM Tris−HCl, 300
mM NaCl, 5 mM EDTA (pH 7.8).
For comparison, we have studied the bacteriophytochrome

Agp1 from Agrobacterium tumefaciens. For this purpose, we have
used a PAS-GAF-PHY variant in which the first nine N-
terminal residues were deleted and three amino acids on the
protein surface were substituted (F289A, M295A, and R296S).
These modifications prevent dimerization but do not affect the
optical properties or the photoinduced reaction cycle. This
protein variant, denoted as Agp1, was expressed and purified as
described previously.17

Buffer solutions used for the RR experiments included 50
mM Tris−HCl, 300 mM NaCl, 5 mM ethylendiaminetetra-
acetic acid in H2O (D2O) at pH (pD) of 7.8. Protein samples
were concentrated via Microcon filters up to a value
corresponding to an optical density of ca. 40 at 280 nm (ca.
10 mg/mL).

Spectroscopic Measurements. RR measurements were
performed using a Bruker Fourier-transform Raman spectrom-
eter RFS 100/S with 1064 nm excitation (Nd:YAG cw laser,
line width 1 cm−1) equipped with a nitrogen-cooled cryostat
from Resultec (Linkam). The spectra were measured at −140
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or +10 °C with a laser power at the sample of 780 mW. In
order to identify potential laser-induced damage of the
phytochrome samples, spectra before and after a series of
measurements were compared. In no case were changes
between these control spectra determined. For each spectrum,
the accumulation time was 1 h. Protein and buffer Raman
bands were subtracted on the basis of a Raman spectrum of
apo-phytochrome (Supporting Information, Figure S1). The
pure spectra were further analyzed by a band fitting procedure
assuming Lorentzian band shapes. H/D exchange involved 5
washing steps with D2O or H2O buffer solution (30 min
centrifugation at 10000g per step).
Stationary fluorescence spectra were measured with 670 nm

excitation in a temperature range from +10 to −140 °C.
Further details are given in the Supporting Information.
Molecular Dynamics Simulations. The classical atomistic

MD simulations on two monomeric model structures of the
PAS-GAF fragment of RpBphP2, namely, the wild-type (WT)
protein PG-P2 (PG-P2 model) and the fluorescent mutant
iRFP described above (iRFP model), were performed with the
NAMD2.7 software.18,19 The CHARMM27 force field20 was
employed to describe the apoprotein, and the force field
parameters for the BV chromophore were extracted from
Kaminski et al.21 The starting geometry for the PG-P2 model
was taken from the crystallographic structure (PDB entry:
4e04). Because this structure corresponds to a mutated form of
PG-P2,22 the PG-P2 model was generated by back-mutation of
the crystal structure to the original sequence. For this, the
Asn105 insertion was deleted and the following amino acids
substitutions were attained: P98R, D99K, G100D, E101A,
R102G, A103F, F104 V, R127A, Y128E, S135R, V136T,
R137N, R237 V, E296D and V297G. Furthermore, the
expression tag comprising residues 320 to 327 present in the
crystal structure was removed. The iRFP model was
constructed by mutating the PG-P2 model at 13 different
sites: S13L, A92T, V104I, V114I, E161K, Y193K, F198Y,
D202T, I203V, Y258F, A283 V, K288T and N290Y. The two
structural models were protonated according to pH 7.0 using
the PSFGEN-VMD plugin.23 On the basis of the visual
inspection of the corresponding environments, all histidine
residues were protonated at the ε-nitrogen except for His285,
which was modeled with a proton at the δ-nitrogen. The net
charges of the proteins yield −13 and −10 e for the PG-P2 and
the iRFP model, respectively. In order to remove bad contacts
that may be present in the initial structural models due to
mutations and deletion of amino acids, 5000 steps of energy
minimization were performed using the conjugated gradient
algorithm on the modified regions of each model in vacuum
keeping the rest of the protein fixed. Both structural models
were then solvated in cuboid boxes of TIP3P water molecules24

with approximate dimensions of. 78 × 87 × 112 Å3 (23829 and
23822 water molecules for WT and iRFP models, respectively).
In addition, the net charges of the proteins were compensated
for by inserting chloride and sodium ions randomly at 25 mM
ionic strength. Ionization of the models was carried out using
the AUTOIONIZE plugin of VMD.23 The MD simulations
were run under periodic boundary conditions with extended
electrostatics using the Particle Mesh Ewald Summation25 with
a cutoff distance of 12 Å for the van der Waals interactions and
short-ranged electrostatics. The SHAKE algorithm26 was
applied to constrain all bond lengths between heavy atoms
and hydrogen atoms assuring, in this way, a simulation step of 2
fs. The energies of the solvated systems were initially minimized

with the conjugated gradient integrator using decreasing
harmonic constraints on the protein backbone and on the BV
cofactor (from 25 to 5 kcal/(mol Å2)). After 60 ps heating
using Langevin dynamics with decreasing position restraints on
the heavy atoms of the protein cofactor (from 5 to 2.5 kcal/
(mol Å2)), the entire system was equilibrated for another 60 ps.
During the equilibration run, the harmonic constraints on the
protein were gradually released until all atoms were allowed to
move freely. Finally the dynamics of the two model systems
were simulated for 100 ns at 300 K in an NPT ensemble under
constant atmospheric pressure and temperature using the
Langevin Piston method.27 Convergence of the trajectories was
checked in terms of energetics and root mean square deviations
(rmsd) of the protein and the chromophore from the initial
structural models. The statistical analysis of the structural
properties during the last 40 ns of the MD trajectories was
performed with the VMD software.23

■ RESULTS

The iRFP mutant was generated from the D202H variant of the
PAS-GAF domain of P2 by random mutagenesis, leading to 13
substitutions compared to the wild-type protein PG-P2. Among
them, five substitutions (Y193K, F198Y, D202T, I203V, and
Y258F) are located in the chromophore binding pocket (Figure
1). These substitutions are likely to be of primary importance

for the photophysical properties. For example, the replacement
of the highly conserved D202 has been shown to impair
photoisomerisation of the chromophore.28 In fact, iRFP was
found to be locked in the Pr state (data not shown). Thus, the
comparison with the spectra of the wild-type proteins of
RpBphP2 and Agp1 discussed in the following only refers to
the Pr state.

Resonance Raman Spectroscopy. The overall vibrational
band pattern of iRFP does not differ significantly from those of
the Pr state of PG-P2 and PGP-P2 proteins and other
prototypical BV-binding phytochromes (Figure S3, Supporting

Figure 1. The chromophore binding pocket of (A) wild-type PG-P2
and (B) iRFP, as obtained by 100-ns MD simulations (see text for
further details), and (C) the structural formula of the BV
chromophore.
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Information). Thus, there are no indications for deviations
from the overall ZZZssa chromophore geometry as determined
for the Pr state of various phytochromes.29−31 Also, as in the Pr
state of all prototypical phytochromes, the cofactor is in the
cationic form with all four pyrrole nitrogens carrying a proton.
A closer inspection of the spectra, however, reveals spectral
differences in three regions as will now be discussed in more
detail.
Figure 2 shows the spectral region from 1500 to 1700 cm−1,

which is dominated by modes involving the CC stretching

coordinates of the methine bridges, ring D, and its vinyl
substituent (see Figure 1 for ring numbering). Furthermore, the
NH in-plane bending (NH ip) mode of the rings B and C
gives rise to the band at 1573 cm−1 (iRFP), which is a
characteristic marker for the protonated state of the cofactor.
This band disappears upon H/D exchange and the correspond-
ing counterpart, the N-D ip mode, is observed at 1079 cm−1

(Supporting Information, Figure S3).
We refer to previous vibrational analyses of the cofactor in

phytochromes, carried out with experimental and theoretical
methods, to disentangle the spectrally crowded region between
1590 and 1660 cm−1.32−36 Accordingly, the most intense band
is due to a mode dominated by the CC stretching coordinate
of the CD methine bridge. As minor contributions of the
NH ip coordinate are involved, this mode undergoes a small
downshift (5−8 cm−1) upon H/D exchange. Thus, this mode is
assigned to the 1621 cm−1 band in iRFP (1614 cm−1 in D2O).
The adjacent, nearly equally intense but H/D insensitive band
is then ascribed to a CC stretching mode of ring D although
calculations predict only a low intensity.35 Presumably, also the
CD stretching coordinate that is responsible for high RR
activity contributes substantially to the mode at 1628 cm−1.
Frequency and intensity of the band at 1656 cm−1 and its 6
cm−1 downshift in D2O are consistent with the assignment to
the AB stretching mode. The corresponding BC stretching
mode, which is only weakly Raman-active, is expected at much
lower frequencies and, thus, is assigned to the weak shoulder at
1595 cm−1.
Compared to iRFP, the spectra of the “non-fluorescing”

phytochrome variants display two distinct differences. First, the
ring D CC stretching (at 1628 cm−1 of iRFP) appears at
lower frequencies in PG-P2 and PGP-P2, whereas the CD

stretching remains largely unchanged, as it can be clearly seen
in the spectra measured from the proteins in D2O (Figure 2,
Supporting Information, Figure S5). In Agp1, the intensity ratio
of the two bands is reversed, implying that the contribution of
the CD stretching coordinate to the higher frequency mode
is even larger than in the case of the P2 protein variants.
Second, the AB stretching mode (at 1656 cm−1 in iRFP) is
observed with a significantly reduced intensity and at a
frequency lower by 5−7 cm−1 in PG-P2, PGP-P2, and Agp1.
For these proteins, an additional nearby band at ca. 1640 cm−1

becomes detectable, which might originate from the CC
stretching of the ring D vinyl substituent. However, this mode
is predicted to be essentially Raman-inactive such that, as an
alternative assignment, both bands may be ascribed to AB
stretching modes originating from two conformers of the
tetrapyrrole as previously suggested for Agp1.37 A band fitting
analysis suggests that this 1640 cm−1 band is also present in
iRFP albeit with a much lower relative intensity with respect to
the 1650 cm−1 band than in PG-P2, PGP-P2, and Agp1
(Supporting Information, Figure S4).
In the region between 600 and 900 cm−1 the most

remarkable changes refer to the prominent 814 cm−1 band of
iRFP (Figure 3). The frequency is higher by 4, 8, and 11 cm−1

compared to the PG-P2, PGP-P2, and Agp1 proteins,
respectively. This band was assigned to the hydrogen-out-of-
plane (HOOP) mode of ring D as confirmed by isotopic
labeling and theoretical calculations.33,35 As a characteristic
feature of phytochromes, this band is usually observed with
relatively high RR intensity and its frequency has been shown
to be correlated with the torsional angle of the CD methine
bridge.35

Temperature-Dependent Spectral Changes. The RR
spectra of iRFP and PG-P2 show only a weak temperature
dependence. Upon increasing the temperature from −140 °C
to +10 °C, many bands display a slight broadening, in some
cases accompanied by small frequency shifts that usually,
however, do not exceed 3 cm−1 (Supporting Information,
Figures S6−S8). Specifically, there is no indication for a
redistribution of band intensities for those bands in the methine
bridge stretching region that have been suggested to represent
conformational substates. This is also true for the HOOP mode

Figure 2. RR spectra of the Pr state of iRFP, PG-P2, PGP-P2, and
Agp1 in the CC stretching region, measured with 1064-nm
excitation at −140 °C. Spectra obtained from samples in H2O (pH
7.8) and D2O (pD 7.8) are shown on the left (black) and right panel
(red), respectively.

Figure 3. RR spectra of the Pr state of iRFP, PG-P2, PGP-P2, and
Agp1 in the HOOP region, measured with 1064 nm excitation at −140
°C. Spectra were obtained from samples in H2O (pH 7.8).
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at ca. 800 cm−1 that in the Pfr state of prototypical
phytochromes was found to be the most sensitive marker for
a temperature-dependent conformational equilibrium.35 Most
remarkably, the 814 cm−1 band of iRFP, which already displays
a large bandwidth at low temperature (18 cm−1), is not further
broadened at room temperature and also the symmetric band
shape remains unchanged. This is quite in contrast to the
substantial broadening of the 810 cm−1 band of PG-P2 from 10
cm−1 (−140 °C) to 14 cm−1 (+10 °C) ((Figure 4).

In the region of the torsional and deformation modes
between 650 and 680 cm−1, all proteins show a similar behavior
(Supporting Information, Figure S8). Here, the slight frequency
shifts and band broadening are accompanied by distinct
changes of the relative intensities in the room temperature
spectra, reflecting a higher mobility of the chromophores in the
binding pocket at room temperature.
Also the temperature-dependence of the fluorescence is very

similar for iRFP and PG-P2. Upon decreasing the temperature
from +10 to −140 °C, the fluorescence intensity, measured
with 670 nm excitation, increases by up to an order of
magnitude in both cases (Supporting Information, Figure S10).
Taking into account that this factor refers to the uncorrected
intensities (i.e., refractive index change and higher amplitude of
the scattered light due to the formation of ice microcrystals
during freezing), the intrinsic temperature-dependent increase
of the fluorescence yield is lower.
The RR spectrum of Agp1 displays more pronounced

temperature-dependent changes in the HOOP region (Sup-
porting Information, Figure S8) becauseunlike with iRFP
and PG-P2the intensity ratio of the two bands at 788 and
803 cm−1 varies quite substantially with the temperature
(Figure 4). It might be that these two bands correspond to C
D methine bridge HOOP modes of two conformers such that
the intensity changes reflect a temperature-dependent con-
formational equilibrium in analogy to the Pfr state of Agp1.35

Carbonyl Stretching Modes. An important marker for
protein-tetrapyrrole interactions are the two CO stretching
modes of ring A and D in the region between 1680 and 1740
cm−1. Because in prototypical BV-binding phytochromes, the

carbonyl function of ring A is, unlike ring D, not linked to the
conjugated π-electron system of the tetrapyrrole (Figure 1), the
ring A CO stretching mode appears at higher frequencies.38

For the same reason, the RR intensity of this mode is much
lower than that of the ring D CO stretching such that only
this latter mode can readily be identified in the low-temperature
RR spectra of all proteins in H2O (Figure 5). This mode is

observed at very similar positions (1713−1716 cm−1) for all
“non-fluorescing” protein variants but at a distinctly higher
frequency (1720 cm−1) for iRFP. In the case of PG-P2 (PGP-
P2), the weak shoulder at ca. 1730 cm−1 is attributed to the ring
A CO stretching, whereas this mode can hardly be detected
in Agp1 and iRFP. Upon raising the temperature to +10 °C, the
bands of the ring D CO stretching mode broaden for all
proteins, accompanied by small frequency downshifts as
observed for other tetrapyrrole modes (vide supra). As a
consequence, the weak CO stretching of ring A becomes also
visible in the spectrum of iRFP at ca. 1730 cm−1 (Supporting
Information, Figure S9). This mode remains essentially Raman-
inactive in Agp1, but it can be detected at the same position in
the IR “Pr−minus−Pfr” difference spectrum. Note that the IR
difference spectra for PG-P2 and PGP-P2 (not shown) also
support the assignments of the CO stretching, in agreement
with the previously published data by Toh et al.12

The frequencies of the CO stretching modes depend on
the (hydrogen bond) interactions of the carbonyl function with
its immediate environment and on the coupling of the CO
stretching and NH ip coordinates. This coupling, which may
vary with structural perturbations of the respective pyrrole ring,
is also the origin for the distinct H/D sensitivity of these
modes. In fact, in D2O, both modes shift down to lower
frequencies but, most remarkably, the altered normal mode
composition leads, in general, to a relative intensity increase of
the ring A CO stretching mode (Figure 5). Thus, it is even
possible to identify two band components of this mode at ca.
1711−1714 cm−1 and ca. 1720 cm−1, albeit with different
relative intensities for the four proteins. In PG-P2, both
components display comparable intensities whereas in iRFP the
higher frequency component is much weaker. The downshift of

Figure 4. RR spectra of iRFP, PG-P2, and the Pr state of Agp1
measured with 1064 nm excitation. The black and blue traces refer to
the measurements at −140 °C and +10 °C, respectively. Black labels
refer to the peak positions at −140 °C. The blue numbers in
parentheses indicate the shift of the peaks at +10 °C. Intensities are
normalized to the strongest band in each spectrum.

Figure 5. RR spectra of the Pr state of iRFP, PG-P2, PGP-P2, and
Agp1 in the CO stretching region measured with 1064 nm
excitation at −140 °C. Spectra obtained from samples in H2O (pH
7.8) and D2O (pD 7.8) are shown on the left (black) and right panel
(red), respectively.
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the ring D CO stretching is essentially the same (11−12
cm−1) in all four proteins.
Molecular Dynamics Simulations. The stability of the

structural models for the wild-type PG-P2 protein and the iRFP
mutant was initially checked by analyzing the evolution in time
of the root mean square deviation (rmsd) of all carbon α atoms
of the protein and of all heavy atoms belonging to the biliverdin
chromophore (Figure 6). A plateau is reached within the first

20 ns, with a mean rmsd value of 2.7 Å and 2.4 Å for the PG-
P2- and the iRFP-models, respectively. The rmsd of the
chromophore atoms, however, converge only after 60 ns MD
simulation reaching a mean value of 1.0 Å for both models. For
this reason, the statistical analysis of the MD trajectories was
restricted to the last 40 ns because in this time span, we can
assume that the protein and the chromophore reached a
thermodynamic equilibrium.
The structural differences between PG-P2 wild-type protein

and the iRFP mutant and their dynamic properties were
analyzed by following the time evolution of selected structural
parameters, such as the tilt angles between pyrrole rings and the
bond and torsional angles of the BV methine bridges, and by
computing their statistical distribution. In addition, the root
mean square fluctuations (rmsf) of selected atoms of the BV
chromophore were calculated in order to estimate and quantify
the mobility of the chromophore atoms in the binding pockets
of the two structural models.
The frequency distribution (counts) of the three tilt angles

between adjacent pyrrole rings is shown in the Supporting
Information (Figure S11), and the mean values and
corresponding standard deviations are listed in Table 1. In
the case of the rings B and C, there is no difference between the
tilt angles computed for the PG-P2 and iRFP models, indicating
that mutations of the chromophore binding pocket do not
significantly alter the orientation of the two inner rings with
respect to each other. This is, however, not the case for rings A
and B and rings C and D. Although the AB tilt angle
decreases from 24° in the PG-P2 model to 21° in the iRFP
model, the CD tilt angle increases by ca. 8°. For both tilt
angles, the standard deviations predicted for the PG-P2
structure are slightly higher (1°) than those computed for the
mutant, reflecting a slightly restricted flexibility of the outer
rings of the tetrapyrrole chromophore in the iRFP model (vide
infra). The analysis of the torsional angles at the methine
bridges (Supporting Information, Figure S12) shows that the

changes of the tilt angles between the pyrrole rings are mainly
due to twists of the CC single bond at the corresponding
methine bridge. Although there is no variation of the BC tilt
angle upon mutation, the torsional angles at the BC methine
bridge differ significantly between the two protein models. In
particular, the mean values for the N(B)C(9)C(10)
C(11) and C(9)C(10)C(11)N(C) torsional angles of
the PG-P2 model, which are higher than those predicted for
iRFP, point to a stronger distortion of the BC methine
bridge in the wild-type protein. Other important structural
parameters, which may strongly influence the spectroscopic
pattern in the fingerprint region, are the bond angles and the
CC bond lengths at the tetrapyrrole methine bridges. The
statistical distribution of the bond angles during the last 40 ns
are plotted in Figure S13 (Supporting Information). In average,
there is a decrease of the C(4)C(5)C(6) bond angle in
the iRFP mutant compared to the wild-type protein together
with a slight shortening of the C(4)C(5) bond and the
elongation of the C(5)C(6) bonds, reflecting a weakening of
the π-electron conjugation at the AB methine bridge. Such
changes in the electron density of the AB bridge should shift
the vibrational frequency of the CC stretching mode to
higher values, as it is in fact observed in the experimental RR
spectra (Figure 2). In a similar way, the slightly elongated C
C bond at the CD methine bridge of iRFP may explain the 3
cm−1 downshift of the CD stretching frequency compared to
the wild-type protein.
The rmsf values computed for the backbone atoms of the BV

chromophore of the PG-P2 and iRFP models over the last 40
ns of the MD simulation are larger for the PG-P2 model
compared to those of the iRFP mutant, especially in the regions

Figure 6. Evolution of the root mean square deviation (rmsd) for the
Cα atoms (top) and the heavy atoms of the BV chromophore
(bottom) of PG-P2 during the 100 ns MD simulation. Black and red
traces refer to the PG-P2 and iRFP model, respectively.

Table 1. Selected Structural Parameters of the BV
Chromophore in the PG-P2 and iRFP Models.a

WT iRFP

Bond Lengths

C(4)C(5) 1.3654 (0.03) 1.3647 (0.03)

C(5)C(6) 1.4262 (0.03) 1.4229 (0.03)

C(9)C(10) 1.3802 (0.03) 1.3782 (0.03)

C(10)C(11) 1.3767 (0.03) 1.3780 (0.03)

C(14)C(15) 1.4254 (0.03) 1.4267 (0.03)

C(15)C(16) 1.3651 (0.03) 1.3681 (0.03)

Bond Angles

C(4)C(5)C(6) 20.5 (7.7) 16.6 (6.3)

C(9)C(10)C(11) −5.1 (5.8) −6.8 (6.5)

C(14)C(15)C(16) −106.8 (13.5) −111.8 (9.6)

Dihedral Angles

N(A)(C4)C(5)C(6) 15.8 (6.9) 15.0 (7.4)

(C4)C(5)C(6)N(B) 9.2 (8.3) 5.5 (7.8)

N(B)C(9)C(10)C(11) 7.1 (8.5) −3.0 (8.6)

C(9)C(10)C(11)N(C) −13.3 (8.6) −5.5 (9.5)

N(C)C(14)C(15)C(16) −125.5 (10.3) −137.1 (8.3)

C(14)C(15)C(16)N(D) 14.5 (9.4) 17.0 (9.3)

Tilt Angles

AB 24.0 (7.5) 21.0 (6.5)

BC 11.3 (5.0) 10.7 (4.9)

CD 116.8 (8.2) 124.2 (7.1)
aMean values and corresponding standard deviations (in brackets)
were computed for the last 40 ns of the MD trajectory. Bond lengths
are given in Å and angles in degrees. Coordinates are defined
according to inset of Figure 6.
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corresponding to ring A (atoms 1−4) and ring D (atoms 16−
21) (Figure 7).

■ DISCUSSION

Structural Changes in the iRFP Variant Protein. The
analysis of the RR spectra together with the results of the MD
simulations indicate that the structural changes brought about
by the amino acid substitutions in iRFP primarily refer to the
CD and AB methine bridges as well as to the respective
terminal rings A and D including their carbonyl functions.
The most sensitive spectral marker for structural changes at

the CD methine bridge is the HOOP mode at ca. 800 cm−1.
Its frequency is inversely correlated with the C(14)C(15)
C(16)N(D) dihedral angle as previously determined for the
Pfr state of the BV-binding PaBphP.35 The significant frequency
upshift of this mode in iRFP (800 cm−1) compared to the other
protein variants indicates an increase of this angle, consistent
with the MD simulations that predict a slightly increased tilt
angle of ring D with respect to ring C. This structural
perturbation is attributed to two factors. First, the Y193K and
F198Y substitutions cause structural changes in chromophore
binding pocket that primarily involve the immediate environ-
ment of ring D, thereby affecting the CD methine bridge
geometry (Supporting Information, Figure S14). In this way,
the side chain of Tyr198 comes in close contact to ring D which
also provides an explanation for the unusually broad and
temperature-independent bandwidth of the CD methine
bridge HOOP mode. The spatial proximity of the aromatic ring
of Tyr198 to the CD methine bridge and the small energy
difference between the HOOP mode at 814 cm−1 of the
chromophore and the tyrosine ring breathing mode39 at ca. 830
cm−1 may allow for vibrational energy transfer from the
chromophore to Tyr198 which is reflected by the broadening of
the HOOP mode. A similar mechanism was shown to account
for the band broadening of the CN stretching mode of the
retinal chromophore in bacteriorhodopsin.40 Second, the
substitution of Tyr258 by a phenylalanine leads to a more
hydrophobic environment of ring D in the iRFP mutant. Here,
the structural model for iRFP shows a highly perturbed
hydrogen bond network around the carbonyl group at ring D
(Supporting Information, Figure S16). According to the
statistics, the number of water molecules close (within a 5 Å
distance, see Table 2) to the carbonyl group is reduced by one

in the mutant. Moreover, the CO(D) does not form any
hydrogen bond neither with the protein nor with water in the
iRFP structure (Table 1). The lack of any hydrogen bond
interactions of the ring D carbonyl function thus well explains
the upshift of the CO stretching mode in iRFP compared to
PG-P2.
Additional structural changes refer to ring A and the AB

methine bridge. The spectra of the WT proteins PG-P2 and
PGP-P2 and Agp1 display two bands attributable to the ring A
CO stretching modes, corresponding to two substates of
slightly different structures or environmental interactions of the
carbonyl group. It is therefore tempting to relate these two
substates with a structural heterogeneity at the AB methine
bridge that may be derived from the 1640/1650 cm−1 band pair
(vide supra). As judged from the spectra both in the CO and
the AB stretching region, such a structural heterogeneity is
much less pronounced for iRFP than for PG-P2(PGP-P2). This
conclusion is again consistent with findings from the MD
simulations, which indicate a more rigid fixation of the
chromophore within the protein. This is reflected by the
much lower rmsf values for the carbon atom positions of the
chromophore in the mutant compared to the wild-type protein.
Specifically, for ring A and ring D, these values are lowered by
ca. 30% in the mutant.
For the fluorescence-optimized iRFP and the “non-

fluorescent” PG-P2, the temperature-dependent variations in
the RR spectra are largely restricted to minor frequency shifts
and the expected effects on the band widths. Furthermore, the
fluorescence intensity increases by the same factor for both
proteins upon temperature lowering from +10 to −140 °C.
These findings can be understood in terms of a reduced
mobility of the chromophore in the binding pocket at low
temperature. However, there are no indications for temper-
ature-dependent changes of the structural heterogeneity
implying that the distribution among the various substates is
largely the same at ambient temperature and −140 °C.
Nevertheless, the RR and fluorescence spectroscopic data are
consistent with the view that the substates constituting the
chromophore heterogeneity differ with respect to the photo-
physical properties, specifically fluorescence and photochemical
quantum yields.

Structural Parameters Controlling the Fluorescence
Properties. To increase the fluorescence quantum yield, the
competing processes (that is, photoisomerisation and internal
conversion of the excited state) must be slowed down. The
main factors that influence the interplay of the various excited
state processes have been recently discussed by Auldridge et al.9

Figure 7. Root mean square fluctuations (rmsf) of heavy atoms in the
BV chromophore. Inset: Structural formula of BV indicating the heavy
atoms considered for the rmsf plot in blue.

Table 2. Statistics of Single and Double Hydrogen Bond
Interactions between Carbonyl Groups of BV and the
Environment in the PG-P2 and iRFP Models during the
Production Run of the MD Simulations (60 ns−100 ns)a

CO (A) CO (D)

WT iRFP WT iRFP

number of H-bond events no interaction 158 195 166 392

single 212 181 230 8

double 30 14 4 0

occupancy 58% 49% 59% 2%

minimum H-bond donoracceptor
distance (Å)

2.75 2.77 2.76 2.69

aHydrogen bonds are defined by considering a donoracceptor
distance <3.0 Å and an angle cutoff of 20°.
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Photoisomerisation is readily impaired by substituting the
highly conserved Asp202 by any other amino acid. This is
primarily attributed to the lack of a carboxyl side chain at a
proper position for stabilizing the (distorted) ZZEssa
configuration in the excited state via interaction with the ring
D NH group. The second effect of a substitution at this
position is the reorganization of the local hydrogen bond
network, which may perturb an important thermal deactivation
channel via excited state proton transfer of the cofactor to a
nearby water molecule or the carbonyl function of the amino
acid at position 202.11 A distortion of the hydrogen bond
interactions, specifically of the ring A carbonyl, has been
demonstrated by the crystallographic analysis of the fluorescing
CBD variant D207H of DrBphP. Although comparable changes
in the hydrogen bond interactions cannot be derived from the
present theoretical analysis, a perturbation of the decay channel
via excited state proton transfer cannot be ruled out for
iRFP12,14 because the RR spectra do in fact indicate structural
changes of the AB methine bridge and the ring A carbonyl.
However, as a main conclusion of this work, we suggest that the
increased rigidity of the chromophore in particular at the
terminal rings A and D disfavors internal conversion as an
energy dissipation pathway. A more rigid embedment of the
chromophore into the protein matrix would also stabilize the
ZZZssa configuration and thus the Pr state, which is assumed to
be the third factor relevant for increasing the fluorescence
quantum yield. Here, the substitution of the tyrosine residue at
position 258 by a phenylalanine, which also hinders photo-
isomerisation,14 may play an important role by strengthening
the hydrophobic interactions with ring D and providing a
tighter packing of this part of the chromophore.
The previous crystallographic study on fluorescent CBD

variants of DrBphP has demonstrated that the effects of single
amino acid substitutions on the structure of the chromophore
pocket and the photophysical properties are not just additive
such that the consequences of multiple substitutions can hardly
be predicted.9 As an alternative to the time-consuming
determination of the crystal structure, RR spectroscopy
represents a rapid approach for correlating specific structural
parameters with the fluorescent properties of the chromophore
even though more systematic studies are required. Such studies
may not necessarily be restricted to establish relationships
between specific RR marker bands and the fluorescence yield.
Moreover, the structural basis of other photophysical properties
that are important for potential applications of phytochromes
as fluorescence labels, such as the energy of the absorption and
fluorescence maxima, is as well reflected by the RR spectra as
recently shown for a cyanobacteriochrome.41 In this way, RR
spectroscopy may become an important tool for the rational
design and evolution of phytochrome-based fluorescence
markers.
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1.  Additional RR spectra  

 

Fig. S1.  RR spectrum of the Pr state of Agp1(black) and the Raman spectrum of the apo-

protein (red) measured with 1064 nm excitation at �140 
o
C.  

 

 

Fig. S2. RR spectrum of iRFP in the C=O stretching region measured with 1064 nm 

excitation at �140 
o
C (black). The red dotted lines indicate the noise level.  



 

Fig. S3. RR spectra of the Pr state of (A) iRFP, (B) PG-P2, (C) PGP-P2, and (D) Agp1, 

measured with 1064-nm excitation at -140
o
 C. Spectra obtained from samples in H2O (pH 7.8) 

and D2O (pD 7.8) are shown in black and red, respectively. 



 

 

 Fig. S4. RR spectra of the Pr state of (A) iRFP, (B) PG-P2, (C) PGP-P2, and (D) Agp1 in the 

C=C stretching region, measured with 1064-nm excitation at -140
o
 C from samples in H2O 

(pH 7.8). The red dotted lines represent fitted Lorentzian lineshapes.  



 

 

Fig. S5. RR spectra of the Pr state of (A) iRFP, (B) PG-P2, (C) PGP-P2, and (D) Agp1 in the 

C=C stretching region, measured with 1064-nm excitation at -140
o
 C from samples in D2O 

(pD 7.8). The red dotted lines represent fitted Lorentzian lineshapes.  



 

Fig. S6.  RR spectra of iRFP, PG-P2, and the Pr state of Agp1 measured with 1064 nm 

excitation. The black and blue traces refer to the measurements at �140 
o
C and +10 

o
C

 
, 

respectively.  

  



 

 

Fig. S7.  RR spectra of iRFP, PG-P2, and the Pr state of Agp1 measured with 1064 nm 

excitation. The black and blue traces refer to the measurements at �140 
o
C and +10 

o
C, 

respectively. Black labels refer to the peak positions at �140 
o
C rather than to the band 

components as determined by the band fitting analysis (Fig. S4). The blue numbers in 

parentheses indicate the shift of the peaks at +10 
o
C. 



 

 

Fig. S8.  RR spectra of iRFP, PG-P2, and the Pr state of Agp1 measured with 1064 nm 

excitation. The black and blue traces refer to the measurements at �140 
o
C and +10 

o
C, 

respectively. The relative intensities of the conjugate spectra measured at the two 

temperatures correspond to those in Fig. S6.  

 



 

Fig. S9.  RR spectra of iRFP, PG-P2, and the Pr state of Agp1 measured with 1064 nm 

excitation. The black and blue traces refer to the measurements at �140
o
C and +10

o 
, 

respectively. For, comparison the IR difference spectrum “Pr(+) minus Pfr(-)” of Agp1 is 

shown in the bottom trace. 



 

Fig. S10.  Fluorescence spectra of iRFP (left) and PG-P2 (right) measured at +10 
o
C (blue 

traces) and �140 
o
C (black traces). The intensities are normalized with respect to the peak 

maxima of the corresponding spectra at +10 
o
C (= 1.0, horizontal dotted lines). In both cases, 

a ca. 10 fold intensity increase is observed at �140 
o
C. Note that the data represent raw data, 

not corrected for changes of the refractive index or the increase of the scattering amplitude 

due to microcrystal formation upon freezing. Thus, the intrinsic temperature-dependent 

increase of the fluorescence quantum yield is likely to be lower in both cases. For Agp1, the 

(uncorrected) fluorescence intensity at �140 
o
C increased by a factor of ca. 20.  

Measurements were performed with a commercial USB-connected fluorometer system with 

CCD array (EPP2000, Scientific Instruments, Berlin, Germany) with a spectral resolution of 3 

nm. The EPP2000 was coupled to a home-built variable-temperature cryostat (10-300K, CTI-

Cryogenics 8001/8300). Excitation was performed with a pulsed 670 nm diode laser (LDH-D-

C-670, Picoquant, Berlin, Germany) with a spectral bandwidth of 3 nm and a repetition rate of 

8 Mhz (diode laser driver PDL-200, Picoquant, Berlin, Germany). The fluorescence was 

separated from stray light with a long pass emission filter (FEL-700, Thorlabs, Munich, 

Germany). 
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ABSTRACT: Cyanobacteriochromes are members of the phytochrome super-
family. In contrast to classical phytochromes, these small photosensors display a
considerable variability of electronic absorption maxima. We have studied the
light-induced conversions of the second GAF domain of AnPixJ, AnPixJg2, a
phycocyanobilin-binding protein from the cyanobacterium Anabaena PCC 7120,
using low-temperature resonance Raman spectroscopy combined with molecular
dynamics simulations. AnPixJg2 is formed biosynthetically as a red-absorbing
form (Pr) and can be photoconverted into a green-absorbing form (Pg).
Forward and backward phototransformations involve the same reaction sequences and intermediates of similar cofactor
structures as the corresponding processes in canonical phytochromes, including a transient cofactor deprotonation. Whereas the
cofactor of the Pr state shows far-reaching similarities to the Pr states of classical phytochromes, the Pg form displays significant
upshifts of the methine bridge stretching frequencies concomitant to the hypsochromically shifted absorption maximum.
However, the cofactor in Pg is protonated and adopts a conformation very similar to the Pfr state of classical phytochromes. The
spectral differences are probably related to an increased solvent accessibility of the chromophore which may reduce the π-
electron delocalization in the phycocyanobilin and thus raise the energies of the first electronic transition and the methine bridge
stretching modes. Molecular dynamics simulations suggest that the Z → E photoisomerization of the chromophore at the C−D
methine bridge alters the interactions with the nearby Trp90 which in turn may act as a gate, allowing the influx of water
molecules into the chromophore pocket. Such a mechanism of color tuning AnPixJg2 is unique among the cyanobacteriochromes
studied so far.

B ilin-binding photosensory pigments have long been
synonymous with the red/far-red light-sensing phyto-

chrome photoreceptors of higher and lower plants.1,2 An
outstandingly large number of experiments clearly have
documented the paramount role of phytochromes in photo-
morphogenesis.3−6 These photochromic photoreceptors com-
prise a small protein family (e.g., phyA−phyE in Arabidopsis
thaliana) that can be switched between two thermally stable or
long-lived states by irradiation with light of appropriate
wavelengths. In “classical” phytochromes, the red light-
absorbing form (Pr) shows an absorbance maximum at 667
nm (phyA of oat), and the far red-absorbing form (Pfr) absorbs
at 730 nm. Also, the kinetics of the photoinduced reaction cycle
has been studied intensively and in molecular detail.7−13

Unexpectedly, genome sequencing has unravelled a much
wider distribution of phytochromes in prokaryotes. Initially,
phytochromes were identified in cyanobacteria showing the
canonical structure of plant phytochromes,14 rapidly followed

by demonstration of the presence of functional phytochromes
also in nonphotosynthetic bacteria and even in fungi.15

Ongoing research revealed phytochromes with altered
chromophore structures and also identified phytochromes
with a modified photochemistry. One class of these novel
phytochromes possesses a thermally stable Pfr state that is
photoconverted to the hypsochromic Pr state (bathy
phytochromes), which in classical or prototypical phyto-
chromes represent the stable dark state.16 However, in
prototypical and bathy phytochromes, the chromophore
structural changes are likely to be very similar, i.e., a ZZZssa
and ZZEssa configuration of the tetrapyrrole chromophore in
the Pr and Pfr state, respectively.
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In contrast, cyanobacterial bilin-binding proteins were
identified that exhibit remarkable variations of the classical
phytochrome blueprint. These novel cyanobacteriochromes
(CBCRs) are composed in many cases as multi-GAF domain
proteins.17 This architecture is unexpected as the lyase activity
(autocatalytic chromophore binding) and the photochemistry
are often maintained by a single, isolated GAF domain, in
contrast to orthodox phytochromes, where three domains
(PAS, GAF, and PHY domains) provide the lyase activity and
establish the spectroscopic properties.18,19

Despite a growing number of reports on their absorbance
maxima variation and some information on their biological role
in cyanobacteria,20 little is known about the molecular
mechanisms of the two-state conversion of CBCRs, and the
few studies on the chromophore conformation and its
structural changes during the light-driven photoprocess have
led to partially controversial conclusions.20−25 One of the most
remarkable properties is the variability of the electronic
absorption of the parent states, ranging from the red to the
near-UV spectral region, which is quite a contrast to the color
change between 660 and 700 nm in classical phyto-
chromes.18−23 Previous studies have shown that CBCRs
employ different strategies for controlling the electronic
absorption, for instance via interrupting the delocalized π-
electron system by addition of a cysteine thiol function to the
central methine bridge21−23 or by deprotonation of the
tetrapyrrole chromophore.17

Resonance Raman (RR) spectroscopy can provide detailed
insight into the chromophore structure in photoreceptors,
especially when combined with theoretical methods. This
approach had been proven successful for canonical phyto-
chromes.13,26,27 On the basis of the knowledge obtained from
plant and canonical cyanobacterial phytochromes, we present
here the first RR study of an isolated GAF domain from a
CBCR. Complemented by molecular dynamics (MD) simu-
lations, we analyzed in detail the conformational changes of the
second GAF domain of AnPixJ from Anabaena sp. PCC 7120
(AnPixJg2). In addition to identifying the chromophore
conformations in the stable parent states (Pr and Pg), we
determined the chromophore structure of two intermediates by
low-temperature RR spectroscopy.
Absorption properties and the physiological relevance of this

CBCR, such as phototaxis and bilin expression, were reported
by Narikawa et al.,28 and very recently, the crystal structure of
the parent red-absorbing state Pr (λmax = 648 nm) has been
described.29 In addition, the dynamics of the photoconversions
between the Pr state and the green-absorbing form Pg (λmax =
543 nm) were studied by time-resolved optical spectros-
copies,30 thus making AnPixJg2 an excellent model for
analyzing, on a molecular basis, the mechanism of the
photoconversion of CBCRs and the color tuning of the parent
states.

■ EXPERIMENTAL PROCEDURES

Sample Preparation. AnPixJg2 was heterologously ex-
pressed in phycocyanobilin (PCB)-producing Escherichia coli
and purified as holoprotein including PCB as described
elsewhere.28 Sample preparation and measurements were
performed under green light using LEDs at 515 nm. Buffer
solutions (H2O/D2O Tris buffer, 50 mM Tris, 300 mM NaCl,
5 mM EDTA, pH/pD 7.8) were prepared with chemicals of the
highest purity available (see Supporting Information). Protein
samples were dialyzed in a microcon filter by centrifugation up

to a concentration corresponding to an optical density of 30 at
the chromophore absorption band.

Raman Experiments. Measurements were carried out with
a Bruker FT Raman spectrometer RFS 100/S (Nd:YAG cw
laser, 1064 nm, line width 1 cm−1), equipped with a nitrogen-
cooled cryostat (Resultec-Linkam). All Raman spectra were
recorded at −140 °C. The laser power at the sample was kept at
780 mW with a laser focus diameter of ca. 100 μm. Possible
laser-induced damage of the phytochrome samples was
controlled by comparing the spectra obtained before and
after a series of measurements; no such degradation was
observed. For each spectrum the accumulation time was 1 h.
Spectra of the Pr state were collected after a 2 min irradiation at
530 nm (LED) at 20 °C, whereas the spectra of the Pg state
were obtained after illumination at 660 nm under otherwise the
same conditions. This irradiation protocol yielded accumulation
of the respective state with only negligible contributions of the
other parent state species. For the intermediate states, the
following cryogenic trapping procedure was used. The starting
point was the sample exposed to green light which mainly
contained the Pr state and only very small contributions from
the Pg state. Subsequent to the Raman measurement at −140
°C, the sample was irradiated at stepwise increasing temper-
atures above −140 °C with 660 nm for 10 min and cooled to
−140 °C again to measure the Raman spectrum. The analogous
procedure was applied to trap the intermediates of the Pg-to-Pr
conversion using green light irradiation. Details of the
measuring protocol are given in the Supporting Information
(Table S1). The component spectra of the pure parent states
could readily be obtained from the experimental spectra
measured from the samples irradiated with green or red light
via mutual subtraction to remove minor contributions of the Pg
or Pr state, respectively. Obtaining the spectra of the pure
intermediates from the raw spectra measured from samples
after irradiation at specific trapping temperatures required
iterative subtraction procedures as not only the target
intermediate but also the precursor and the thermal relaxation
product might contribute to the experimental spectrum. Details
of the subtraction procedure are given in the Supporting
Information (Table S2).

Molecular Dynamics Simulations. The structural models
for the Pr and Pg states of AnPixJg2 cyanobacteriochrome, used
for atomistic MD simulations, were constructed using as initial
coordinates the crystallographic structure of AnPixJg2 (PDB
entry 3W2Z).29 In the case of the Pr state, the conformation of
the PCB chromophore was taken as observed in the crystal
structure while initial models for the chromophore in the Pg
state were obtained by rotating the CC bond at the methine
bridge between rings C and D (C−D) by 155°, 175°, and 195°.
The protonation states of all titratable amino acid side chains
were set according to pH 7.0. In the case of histidines, the
protonation state was adjusted according to their immediate
environment. In particular, His94, His119, and His123 in the
chromophore binding pocket were protonated at Nε, Nδ, and
both nitrogen atoms, respectively. All model systems were
solvated in a box of ca. 23000 explicit TIP3P water molecules
including 50 mM NaCl.31

Prior to the MD simulations, the model systems were
prepared by an energy minimization of 20000 steps using the
conjugated gradient integrator followed by heating to 300 K.
During these steps, all heavy atoms were restrained to their
positions by applying a force of 25 kcal mol−1 Å−2). These
restraints, including those of the chromophore for the Pr
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model, were stepwise removed during the solvent equilibration
within 60 ps. For the Pg models, these last steps together with a
subsequent 5 ns MD simulation step were performed keeping
the chromophore fixed to adapt the protein environment to the
new conformation of the photoproduct. The models for the Pr
state and the photoproducts were then thermally equilibrated at
300 K for 5 and 15 ns, respectively.
While the structures of the Pg models built with initial C−

CC−N(D) dihedral angles of 155° and 175° converged to a
PCB geometry characterized by a strongly distorted torsional
angle N(C)−C···C−N(D) angle of ca. 105°, the structural
model constructed with an initial C−CC−N(D) dihedral
angle of 195° slowly evolved to a structure characterized by the
ZZZssa conformation of the PCB chromophore as found in the
Pr state (Supporting Information, Figures S6 and S7).
Accordingly, we will refer to these structural models as
Pg155, Pg175, and Pr195. Given the high similarity with the
original X-ray-based Pr model, the engineered Pr195 model was
not considered for further discussions. The MD simulations
were carried out with NAMD 2.732 using the CHARMM 27
force field33 with an extension for the PCB chromophore
derived by Kaminski et al.34 During these simulations, the
number of particles (N), the pressure (P), and the temperature
(T) were kept constant using the Langevin piston method.35

Short-range electrostatics and van der Waals interactions in the
periodic systems were calculated with a simple cutoff at 12 Å,
whereas long-range electrostatics were determined with the
particle Ewald summation.36 To enable a time step of 2 fs, all
bonds containing hydrogen atoms were frozen with the
SHAKE algorithms.37 The solvent accessible area of the
chromophore was evaluated with VMD1.8.738 every 25 ps,
assuming a radius of 1.4 Å for a water molecule.

■ RESULTS AND DISCUSSION

Despite the large separation of the excitation line (1064 nm)
from the first electronic transition of the chromophore of the Pr
state (660 nm), the measured Raman spectra are dominated by
the preresonantly enhanced Raman bands of the bilin cofactor
and thus are referred to as resonance Raman (RR) spectra. This
is also true for the Pg state, although its electronic transition is
even further blue shifted to ca. 560 nm. There are only small
although clearly detectable contributions from nonresonance
Raman bands of the protein matrix such as the methyl and
methylene deformation modes of amino acid side chains (ca.
1450 cm−1) and the amide I modes of the polypeptide
backbone (ca. 1650 cm−1) (Figure 1). These poorly structured
features partially overlap with the RR bands of the cofactor. In
addition, there is a relatively sharp band at 1003 cm−1 which is
due to the ring-breathing mode of phenylalanine residues. The
intensity of this band can be used as an internal standard to
estimate the relative resonance enhancement for the cofactor
Raman bands of the various states of AnPixJg2. In accordance
with the poorer resonance conditions for Pg, we have found, on
average, that the enhancement for this state is 2-fold weaker
than for Pr. Even lower resonance enhancements and thus
relatively strong contributions from the protein Raman bands
are noted for the intermediate states including a deprotonated
chromophore (vide infra).
Resonance Raman Spectroscopy of the Pr State. The

overall vibrational band pattern of the parent state Pr displays
far-reaching similarities with that of the Pr states of canonical
phytochromes carrying a PCB chromophore as exemplified for
the PCB adduct of plant phytochrome phyA (Figure 1A,B). A

very good agreement is noted for the bands in the CC
stretching region between 1500 and 1700 cm−1 which are
sensitive marker bands for the conformation of PCB and in
particular for the methine bridge configuration. This finding is
in agreement with the crystal structure data indicating that the
chromophore in the Pr state of AnPixJg2 adopts a ZZZssa
configuration as in the case of phyA(PCB) and Cph1Δ2
(Figure 2).27,29,39,40 Adopting the vibrational assignment from
the analysis of the RR spectra of phyA-PCB, the dominant band
at 1635 cm−1 is attributed to the CC stretching of the C−D
methine bridge (C−D stretching), whereas the weak shoulder
on the lower-frequency side at 1607 cm−1 is attributed to the
B−C stretching (Figure 1A,B and Supporting Information,
Figure S1; see Figure 2 for the structural formula of the
cofactor). The corresponding A−B stretching mode is likely to
be hidden under the high-frequency wing of the 1635 cm−1

band. Furthermore, this spectral region includes the in-phase
N−H in-plane bending (ip) mode of the ring B and C nitrogen
atoms at 1576 cm−1 (phyA-PCB) which is a characteristic
marker for the protonation of the cofactor. In fact, the RR
spectrum of the Pr state of AnPixJg2 shows a band at a very
similar position (1579 cm−1) which disappears upon H/D
exchange (Figure 1A,B and Supporting Information, Figure
S1). The corresponding N−D ip mode is assigned to a weak
band at 1076 cm−1 (Supporting Information, Figure S2)
analogous to previous findings for phyA-PCB.41 Also, the other
isotopic shifts brought about by H/D exchange are similar in

Figure 1. Overview RR spectra of the parent states of AnPixJg2 and
the 65 kDa fragment phyA reconstituted with PCB, measured in H2O
at pH 7.8. A, Pr of phyA-PCB; B, Pr of AnPixJg2; C, Pg of AnPixJg2;
and D, Pfr of phyA-PCB.
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the Pr states of AnPixJg2 and phyA-PCB, which not only is
consistent with the cationic cofactor structure (all four ring
nitrogens being protonated) but also supports the assignments
discussed above.
Only details of the cofactor structure and its interactions with

the protein environment seem to be different for the Pr state of
AnPixJg2, compared to those of the Pr state of canonical PCB-
binding phytochromes. Spectral differences in the region
between 600 and 850 cm−1 mainly result from torsional and
deformation modes of rings C and D (at ca. 650 cm−1) and
from C−H out-of-plane deformation (HOOP) modes of the
C−D methine bridge, pointing to structural variations
specifically in this part of the cofactor (Figure 1A,B). In fact,
the crystallographic data for the Pr state of AnPixJg2 indicate a
torsional angle around the C−D methine bridge that is
distinctly larger (27°) than that found for Cph1Δ2
(2°).27,29,39 It is also larger than that of the structural model
for phyA-PCB (11°).40 One of the most striking differences
between the crystallographic data for the Pr states of AnPixJg2
and canonical phytochromes refers to the hydrogen bond
interactions of the pyrrole rings. In canonical phytochromes,
the ring B and C N−H groups interact with a structural water
(pyrrole water) which in turn forms a hydrogen bond to the
backbone carbonyl function of the highly conserved Asp in
canonical phytochromes (Asp207 in Cph1Δ2).39 In AnPixJg2,
however, no pyrrole water is detected in the crystal structure,
and the carboxylate side chain of this conserved aspartate
residue (Asp92 in the AnPixJg2 sequence) forms hydrogen
bonds directly with the N−H groups of rings B and C (Figure
2).29 MD simulations confirm this picture, although a water
molecule enters the chromophore pocket after ca. 2.5 ns. This
water molecule, however, remains above the tetrapyrrole plane

without interfering with the ring B/C−Asp92 interactions
(Wat1 in Supporting Information, Figure S9).

Resonance Raman Spectroscopy of the Pg State. The
most remarkable observation refers to the RR bands in the
region between 1500 and 1700 cm−1, which, at first glance,
seem to differ substantially from the RR spectra of Pfr states of
canonical phytochromes (Figures 1C,D and 3). The deviations,

however, are systematic. On the basis of the relative band
intensities and the H/D effects one may identify the conjugate
band pairs in the RR spectra of Pg (AnPixJ) and Pfr (phyA-
PCB), indicating that nearly all of the Pg modes in this region
are upshifted by more than 30 cm−1, including the CC
stretching modes of the C−D, A−B, and B−C methine bridges
at 1642, 1676, and 1620 cm−1, respectively. This finding implies
that all methine bridge modes of the cofactor are found in the
RR spectrum of Pg. Thus, we can safely rule out that the blue-
shifted absorption maximum in the Pg state is due to the
reduction of the A−B methine bridge double bond such as is
the case in the Pg form of TePixJ or in phycoviolobilin, which

Figure 2. (Top panel) Chromophore binding pocket of AnPixJg2 in
the Pr state. The crystal structure is represented in gray carbon atoms.
The structure obtained after the MD trajectory is displayed in orange.
Structural alignment of both (crystal and MD) coordinates refers to
the lowest RMSD of the PCB chromophore coordinates. AnPixJg2
specific amino residues are indicated with normal character style,
whereas corresponding residues of Cph1Δ2 are presented in italics.
(Bottom panel) Structural formula of the PCB chromophore in the
ZZZssa configuration.

Figure 3. Expanded view of the RR spectra in the CC stretching
region of the Pg state of AnPixJg2 and the Pfr state of the 65 kDa
fragment phyA reconstituted with PCB, measured at pH/pD 7.8. A, Pg
of AnPixJg2 in D2O; B, Pg of AnPixJg2 in H2O; C, Pfr of phyA-PCB in
H2O; and D, Pfr of phyA-PCB in D2O. Blue letters indicate the main
character of the normal modes involved. Italic letters A, B, C, and D
refer to the individual pyrrole ring as defined in Figures 2 and 4, and
A−B, B−C, and C−D denote the CC stretchings of the methine
bridges between the respective rings. The CO stretchings of rings A
and D and the N−H in-plane bending of rings B and C are abbreviated
“CO” and “NH ip B,C”, respectively.
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in turn would afford quite different RR spectra.21 Furthermore,
also the possibility of a deprotonation of the tetrapyrrole
cofactor can be ruled out because the RR spectrum of the Pg
state of AnPixJg2 shows the N−H ip mode of rings B and C at
1586 cm−1 which disappears in D2O. The corresponding N−D
ip mode is found at 1089 cm−1 (Supporting Information, Figure
S2). Like the methine stretching modes, the N−H ip mode is
upshifted by ca. 30 cm−1 compared to Pfr of phyA-PCB. A
smaller upshift (14 cm−1) is noted for the other mode involving
the N−H ip coordinates of rings B and C (1530 cm−1) (Figures
1C,D and 3).
Previous cofactor extraction experiments with the denatured

protein have revealed a PCB cofactor with a Z or E
configuration of the C−D methine bridge in the Pr or Pg
state, respectively (Figure 4).28 Whereas the good RR

spectroscopic agreement between the Pr states of AnPixJg2
and phyA-PCB points to very similar cofactor structures, it
remains to be analyzed ifin addition to the Z/E isomerization
of the C−D methine bridgethere are further structural
changes of the chromophore in the Pg state that are different
from those in canonical phytochromes. In this respect, we first
focus on the high-frequency region (Figure 3). Compared to
the Pfr state of phyA-PCB, we note a significant band
broadening of the features above and below the prominent
1642 cm−1 band (C−D stretching). Moreover, a closer
inspection reveals asymmetric band shapes indicating, in each
case, the involvement of at least two band components. Thus,
the minimum number of bands in the CC stretching region
(1590−1680 cm−1) is five, which exceeds the number of
Raman-active normal modes (three) and even of the total
number of normal modes (four) calculated for PCB, regardless
of the specific tetrapyrrole configuration and conformation.42,43

Furthermore, the similar H/D sensitivity of the band
components at 1676 (−9) and 1669 (−11) cm−1 suggests
that the underlying modes have the same character, i.e., they are
dominated by the A−B stretching coordinate. Correspondingly,
the band components at 1620 (−12) and 1605 (−16) cm−1 are

assigned to modes of mainly B−C stretching character with the
admixture of the A−B stretching coordinate.42 These findings
indicate that the Pg form exists in two substates differing in
terms of the A−B methine bridge conformation. In this respect,
we like to refer to a comparative spectroscopic−theoretical
analysis of the Pfr state of biliverdin-binding phytochromes
demonstrating, for prototypical but not for bathy phyto-
chromes, conformational equilibria associated with structural
changes at the A−B and C−D methine bridges.44 This
conclusion was derived not only from the analysis of the
methine bridge stretching modes but also from the prominent
HOOP mode of the C−D methine bridge at ca. 810 cm−1 that
gives rise to two band components. A similar band pattern is
also observed in the present RR spectra (Figure 1C,D; more
clearly shown in Supporting Information, Figure S3) suggesting
that for the Pg state of AnPixJg2 as well as for the Pfr state of
phyA-PCB the structural heterogeneity involves the C−D
methine bridge.
Alterations of the hydrogen bond network associated with

the structural changes in the chromophore binding pocket are
presumably responsible for the spectral deviations between the
Pg and Pfr RR spectra in the region between 1200 and 1400
cm−1 as it includes modes involving the N−H ip coordinates of
rings A and D and coordinates of the propionate side chains of
rings B and C. Thus, these modes are expected to respond
sensitively to structural changes of the immediate protein
environment.
Because of the lack of structural data on the Pg state of

AnPixJg2 or the Pfr state of any PCB-binding phytochrome, it
is not possible to identify particularly important amino acid
residues interacting with the tetrapyrrole. However, it is
tempting to assume that Trp90 plays a role in controlling the
spectral and structural properties of the cofactor because this
residue is found in close proximity to ring D in the crystal
structure of the Pr state of AnPixJg2.29 Moreover, this residue is
conserved only among the red/green-absorbing cyanobacter-
iochrome subfamily, suggesting a crucial and unique role in the
chromophore−Trp90 interaction. In contrast, this aromatic
residue is absent in canonical phytochrome sequences. Position
90 in the AnPixJg2 sequence corresponds to the residue 205 in
Cph1 or residue 270 in the phyA sequence, located two amino
acids below the canonical DIP motif.45

Molecular Dynamics Simulations of a Pg Model.
Starting with the crystal structure coordinates, we have
therefore carried out MD simulations which revealed only
slight deviations in the surrounding protein matrix (Figure 2).
Specifically Trp90 remained at a distance of 4.1 ± 0.3 Å to ring
D within a nearly coplanar orientation (169.9 ± 5.7°),
underpinning its important role in stabilizing the chromophore
in the Pr state. To assess the consequences of the Z/E
isomerization of the C−D methine bridge on the cofactor
protein interactions, two Pg models were constructed, namely
the Pg155 model and the Pg175 model (vide supra). As a
consequence of the MD simulations, the chromophore in both
structural models was found to adopt a distorted albeit stable
ZZEssa geometry (Figure 4 and Supporting Information, Figure
S6 and Table S4), while the overall structure of the protein did
not change significantly. Specifically, there were only subtle
adjustments of the protein in the vicinity of the cofactor, except
for a repositioning of Trp90 and Asp92 (Figure 4). Although
these results have to be considered with caution in view of the
mechanical force fields for both the protein and the cofactor,
they suggest that the C−D methine bridge isomerization is

Figure 4. (Top panel) MD equilibrated structure before (orange) and
after (green) Z/E isomerization of the C−D double bond. (Bottom
panel) Structural formula of the PCB chromophore in the ZZEssa
configuration.
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associated with a distinct weakening of the interactions between
ring D and Trp90, as reflected by the increased separation (7.6
± 1.0 Å for Pg155 and 7.3 ± 1.1 Å for Pg175) while
maintaining a nearly coplanar orientation. Concomitant to the
movement of Trp90, Asp92 is displaced toward ring A at the
expense of the hydrogen bond interactions with rings B and C.
This reorientation of Asp92 and Trp90 may increase the
flexibility of the chromophore in the binding pocket, which in
turn provides an explanation for the structural heterogeneity of
the tetrapyrrole as reflected by the additional RR bands in the
CC stretching and HOOP regions.
In addition, the structural water contents in the Pr and the

“photoproduct” model differ considerably. After the MD
simulations, we found 7 solvent molecules in the chromophore
binding pocket for the Pr state (in contrast to only 3 H2O
molecules in the crystal structure) and 14 (Pg155) or 11
(Pg175) water molecules for the “photoproduct” (Supporting
Information, Figure S10). The increased number of water
molecules in the chromophore pocket for the “photoproduct” is
mainly the consequence of the reorganization of Trp90 during
the MD simulation. Trp90 acts as a kind of gate and opens the
chromophore pocket to water molecules when aligning its ring
structure parallel to ring D of the chromophore. This putative
gating mechanism does not affect the protein backbone
structure. Only the rearrangement of the protein side chain
of Trp90 leads to an increased solvent accessible area of the
chromophore for the “photoproduct”. The MD simulations
showed a significant increase of the solvent accessibility of the
chromophore for the “photoproduct” (246.5 ± 16 Å2 for Pg155
and 246.3 ± 14 Å2 for Pg175) compared to that of the Pr state
(187 ± 12 Å2) which was evaluated over the last 2 ns of the
respective production runs (Supporting Information, Figure
S8). Thus, the present MD simulations indicate that the double
bond isomerization may cause, in principle, quite substantial
alterations in the protein−cofactor interactions even though an
accurate analysis of these interactions is possible only on the
basis of a crystallographic structure.
Resonance Raman Spectroscopy of the Photoinduced

Reaction Cycle. For the Pr → Pg phototransformation, three
different intermediates were identified on the basis of the RR
spectra at trapping temperatures indicated in Figure 5 (more

details are given in the Supporting Information). Unlike
canonical phytochromes, where the photochemistry can be
initiated even at −140 °C,41 a red-light-induced photo-
conversion of AnPixJg2 was observed only above −80 °C,
which is in accordance with the relatively slow kinetics
determined by transient absorption spectroscopy for the
Lumi-R (= R1650−80) formation (<100 ns).30 In this reaction

step, the primary Z/E double bond isomerization at the C−D
methine bridge takes place leading to a red shift of the
absorption maximum.28,30,46 The corresponding cryogenically
trapped intermediate displays some features reminiscent of the
RR spectrum of the Lumi-R state of phyA (Figure 6B).

Specifically, the C−D stretching undergoes an 11 cm−1

downshift to 1626 cm−1, which, albeit smaller than in phyA
(−37 cm−1)41 makes the A−B stretching mode visible at 1641
cm−1, which is obscured by the prominent 1635 cm−1 band in
the Pr spectrum. It is reasonable to assume that, like in phyA,
the frequency of the A−B stretching mode is not significantly
affected by the photoisomerization. In conjunction with the
distinctly lower RR activity of the HOOP modes, the smaller
downshift of the C−D stretching compared to that of phyA41

may suggest that the cryogenically trapped Lumi-R represents
an already partially relaxed state, consistent with the relatively
slow formation kinetics. In addition, it may be that with the
formation of Lumi-R, water molecules enter the chromophore
binding pocket, thereby causing an upshift of the methine
bridge stretching frequencies as discussed above (Supporting
Information, Figures S4 and S5 and Table S3).
The subsequent formation of the intermediate Meta-R1

involves further thermal relaxation of the cofactor structure
reflected by an even lower HOOP RR activity. In both the
Lumi-R and the Meta-R1 state, the PCB chromophore is
protonated as indicated by the protonation marker band (ring
B and C N−H ip) at 1577 and 1583 cm−1, respectively (Figure
6B,C). The situation is different for the following thermal
relaxation product, Meta-R2 (Figure 6D), which is very similar

Figure 5. Photoinduced reaction cycle of AnPixJg2.

Figure 6. RR spectra of the species constituting the Pr-to-Pg reaction
pathway. A, Pr; B, Lumi-R; C, Meta-R1; D, Meta-R2; and E, Pg. The
intermediates were trapped at the temperatures indicated in Figure 5.
The black and red lines refer to the measurements in H2O and D2O
solutions, respectively (pH 7.8).
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to the Meta-Rc states identified in the photoconversion routes
of phyA as well as those of PCB- and biliverdin-binding
(cyano)bacterial phytochromes. Both the distinctly lower
resonance enhancement, presumably due to the reduced
oscillator strength of the first electronic transition, and the
lack of the N−H ip mode and the unique broad and poorly
resolved vibrational structure in the CC stretching region are
characteristic features of a protein complex carrying a
nonprotonated (neutral) tetrapyrrole cofactor.41,47,48

The photoinduced transformation from Pg back to Pr runs
via three intermediates that can be cryogenically trapped
(Figure 5). Unlike the forward reaction (Pr-to-Pg), formation
of the first intermediate Lumi-G was already observed at −140
°C, although a better trapping yield is obtained at −120 °C.
These findings imply that the (thermal) activation barrier is
much lower than for the Lumi-R formation, again consistent
with previous kinetic studies.30 Most surprisingly, the RR
spectrum of Lumi-G displays a broad envelope in the CC
stretching region with maxima at ca. 1645 and 1675 cm−1 that
are similar in frequency as the well-defined peaks of the parent
Pg state (Figure 7A,B). It may be that this band contour

represents the overlapping contributions of more than one
intermediate containing a largely distorted ZZZssa config-
uration; however, the poor signal-to-noise ratio impairs precise
identification of the individual band components. Also, the
HOOP region displays a rather complex but well-resolved
vibrational band pattern. It is therefore interesting to note that
for the reverse reaction of another phytochrome-like protein,
bacteriochrome NpR6012g4, two subsequent Lumi-G inter-

mediates were detected.49 Assuming a similar reaction pathway
for AnPixJg2, the present RR spectrum is interpreted as a
mixture of two Lumi-G species, which are trapped between
−140 and −120 °C. During the thermal relaxation from Lumi-
G to Meta-G1 (Figure 7C), the chromophore is converted into
a less distorted conformation as indicated by rather sharp bands
in the CC stretching and the low RR activity in the HOOP
region. Like in Lumi-G, the PCB cofactor is protonated, as
shown by the N−H ip mode at 1586 cm−1.
At −40 °C, the Meta-G2 intermediate is trapped as the

precursor of the Pr state (Figure 7D). Meta-G2 shows spectral
similarities to its counterpart of the Pr-to-Pg pathway. Meta-G2
and Meta-R2 display two broad peaks at 1604 and 1641 cm−1

(Figures 6D and 7D). Taking into account that the cofactor
configurations must be different, i.e., ZZEssa and ZZZssa in
Meta-R2 and Meta-G2, respectively, this spectral similarity
seems to be surprising. However, previous studies on
tetrapyrrole model compounds have shown that the spectral
differences between double bond isomers of deprotonated
(neutral) bilins are rather small.50 Interestingly, a band to be
attributed to the N−H ip mode of rings B and C cannot be
identified, implying that also in Meta-G2 the cofactor is
deprotonated.

Structural and Mechanistic Similarities to Classical
Phytochromes. The second GAF domain of the cyanobacter-
iochrome AnPixJg2 carries a PCB cofactor that undergoes
photoinduced reaction cascades very similar to those in
canonical phytochromes. The phototransformations between
the parent states Pr and Pg are initiated by a photo-
isomerization of the C−D methine bridge double bond,
followed by thermal reaction steps, including relaxation
processes of the chromophore and chromophore−protein
interactions, and eventually leading to a reversible deprotona-
tion of the cofactor. The present MD simulations point to a
significant increase of the solvent accessible area in the
“photoproduct” model, accompanied by an increase of the
number of water molecules in the cofactor pocket (vide supra).
Concomitant to the rupture of the Trp90−PCB interactions,
the protein adopts a more “open” structure, allowing for an
exchange of water molecules between the chromophore pocket
and the solution phase. Although a 15 ns MD simulation is not
appropriate to deliver a reliable model for a protein state
formed on the microsecond time scale, the present simulation
suggests that cofactor structural changes may in fact serve as a
switch to enable proton translocation through the protein. It
remains to be explored in future experiments whether this
proton transfer is associated with a transient proton release to
the solution phase as shown for Cph151 and Agp1.47 In these
classical phytochromes, the proton translocation appears to
serve as a trigger for protein conformational changes that may
represent the signaling event.47

Altogether, we conclude that essential steps of the reaction
pattern of classical phytochromes are also found in the CBRC
AnPixJg2. This is also true for the considerable structural
heterogeneity of the cofactor in the Pg state which may be
compared to the substate equilibria in the Pfr state of
prototypical phytochromes.44 In the latter case, this conforma-
tional equilibrium was suggested to facilitate the dark
conversion from the Pfr to the Pr state, in contrast to the
thermally stable Pfr state of bathy phytochromes.44 In fact, a
slow Pg → Pr dark conversion is also noted for AnPixJg2.

Color Tuning in the Cyanobacteriochrome AnPixJg2.
The most striking difference between AnPixJg2 and canonical

Figure 7. RR spectra of the species constituting the Pg-to-Pr reaction
pathway. A, Pg; B, Lumi-G; C, Meta-G1; D, Meta-G2; and E, Pr. The
intermediates were trapped at the temperatures indicated in Figure 5.
The black and red lines refer to the measurements in H2O and D2O
solutions, respectively (pH 7.8).
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phytochromes refers to the unusually blue-shifted absorption of
the Pg parent state, the counterpart of the far-red-absorbing Pfr
state of classical phytochromes. This blue shift is accompanied
by large frequency upshifts of all methine bridge stretchings,
even the structurally rather insensitive B−C stretching, and also
of the N−H ip mode. These systematic frequency upshifts
cannot be related to ground state structural changes of the
cofactor (vide supra) but are instead, together with the
hypsochromically shifted electronic absorption, reminiscent of
the so-called opsin shift in (bacterial) rhodopsins carrying a
protonated retinal Schiff base as a cofactor.52 Here, the specific
cofactor−protein interactions have been shown to perturb the
energy levels of the highest occupied and lowest unoccupied
molecular orbitals such that the excitation energy of the first
electronic transition may vary substantially, covering a range of
absorption maxima from 600 to 400 nm. These changes in the
absorption maxima are inversely related to the frequency of the
CC stretching modes of the polyene chain. These tendencies
nicely match the observations for the Pg and Pfr states of
AnPixJg2 and canonical phytochromes, respectively. Whereas in
AnPixJg2, the hypsochromic shift of the absorption maximum
in Pg compared to Pr is accompanied by an upshift of the C
C stretching frequencies, the opposite shifts of the absorption
maxima and the CC stretching frequencies are observed for
the Pr → Pfr transition in canonical phytochromes.
The factors controlling the opsin shift in retinal proteins have

been extensively studied in the past decades, and it was
demonstrated that both electrostatic and hydrophobic inter-
actions may be responsible for tuning the energy levels.52 These
interactions may be accomplished by the appropriate position-
ing of charged, polar, and unpolar amino acid side chains in the
vicinity of the chromophore. Alternatively, also an increased
solvent (water) exposure may cause a significant blue shift of
the absorption maximum and the corresponding upshift of the
CC stretchings as revealed by the comparison of protonated
retinal Schiff bases in protic solvents and in the protein-
embedded state.53 Although rearrangements of charged and
uncharged amino acids in the chromophore binding pocket
cannot be ruled out for the Pr → Pg transition of AnPixJg2, a
significant increase of the solvent accessibility is likely to occur
as suggested by the present MD simulations of the Pg model.
Thus, we conclude that the influx of water molecules into the
chromophore binding pocket is the main origin for the shifts of
the electronic energy levels which raise the energy of the first
electronic transition, concomitant to upshifts of the methine
bridge stretching frequencies.
According to the MD simulations, the cofactor photo-

isomerization initiates the increase of solvent accessibility of the
chromophore. This interpretation is consistent with the RR
spectroscopic data. Because AnPixJg2 and canonical phyto-
chromes seem to exhibit very similar cofactor structures in the
corresponding states of the Pr → Pg(Pfr) forward and
backward transformations, the additional frequency shifts
suggest a stepwise influx of water into the chromophore
binding pocket in AnPixJg2 during the formation of the Lumi-R
(Lumi-F) photoproduct and the recovery of the final state
Pg(Pr) (see Supporting Information, Figures S4 and S5 and
Table S3).
In summary, AnPixJg2 seems to employ a unique strategy for

color tuning that is different from those in other CBCRs.
Instead of acid/base reactions for de- and reprotonating the
cofactor, or chemical modifications via Cys side chains to
perturb the π-electron systems,17,21−23,54 the PCB cofactor in

AnPixJg2 remains protonated and adopts a conformation very
similar to that of its Pfr counterpart in canonical phytochromes.
In AnPixJg2, the substantial color change is instead attributed
to a strongly increased solvent accessibility, which is the result
of the altered cofactor−protein (PCB−Trp90) interactions
initiated by the Z → E isomerization of the chromophore.
Presumably, such a mechanism for color tuning is possible only
because of the small size of the “GAF-only” protein compared
to classical PAS-GAF-PHY phytochromes.
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(9) Rüdiger, W. (1992) Events in the phytochrome molecule after
irradiation. Photochem. Photobiol. 56, 803−809.
(10) Sineshchekov, V. A. (1995) Photobiophysics and photo-
biochemistry of the heterogeneous phytochrome system. Biochim.
Biophys. Acta 1228, 125−164.
(11) Braslavsky, S. E., Gar̈tner, W., and Schaffner, K. (1997)
Phytochrome photoconversion. Plant Cell Environ. 20, 700−706.
(12) Braslavsky, S. E. (2003) in Photochromism, Molecules and Systems
(Bouas-Laurent, D., and Bouas-Laurent, H., Eds.) pp 738 − 755,
Elsevier Science, Amsterdam.
(13) Mroginski, M., von Stetten, D., Kaminski, S., Velazquez Escobar,
F., Michael, N., Daminelli-Widany, G., and Hildebrandt, P. (2011)
Elucidating photoinduced structural changes in phytochromes by the
combined application of resonance Raman spectroscopy and
theoretical methods. J. Mol. Struct. 993, 15−25.
(14) Hughes, J., Lamparter, T., Mittmann, F., Hartmann, E., Gar̈tner,
W., Wilde, A., and Börner, T. (1997) A prokaryotic phytochrome.
Nature 386, 663−663.
(15) Karniol, B., Wagner, J. R., Walker, J. M., and Vierstra, R. D.
(2005) Phylogenetic analysis of the phytochrome superfamily reveals
distinct microbial subfamilies of photoreceptors. Biochem. J. 392, 103−
116.
(16) Karniol, B., and Vierstra, R. D. (2003) The pair of
bacteriophytochromes from Agrobacterium tumefaciens are histidine
kinases with opposing photobiological properties. Proc. Natl. Acad. Sci.
U.S.A. 100, 2807−2812.
(17) Hirose, Y., Rockwell, N. C., Nishiyama, K., Narikawa, R., Ukajic,
Y., Inomata, K., Lagarias, J. C., and Ikeuchi, M. (2013) Green/red
cyanobacteriochromes regulate complementary chromatic acclimation
via a protochromic photocycle. Proc. Natl. Acad. Sci. U.S.A. 110, 4974−
4979.
(18) Ikeuchi, M., and Ishizuka, T. (2008) Cyanobacteriochromes: A
new superfamily of tetrapyrrole-binding photoreceptors in cyanobac-
teria. Photochem. Photobiol. Sci. 7, 1159−1167.
(19) Rockwell, N. C., and Lagarias, J. C. (2010) A brief history of
phytochromes. ChemPhysChem 11, 1172−1180.
(20) Song, J.-Y., Cho, H. S., Cho, J. I., Jeon, J.-S., Lagarias, J. C., and
Park, J. I. (2011) Near-UV cyanobacteriochrome signaling system
elicits negative phototaxis in the cyanobacterium Synechocystis sp. PCC
6803. Proc. Natl. Acad. Sci. U.S.A. 108, 10780−1785.
(21) Ulijasz, A. T., Cornilescu, G., von Stetten, D., Cornilescu, C.,
Velazquez Escobar, F., Zhang, J., Stankey, R. J., Rivera, M.,
Hildebrandt, P., and Vierstra, R. D. (2009) Cyanochromes are blue/
green light photoreversible photoreceptors defined by a stable double
cysteine linkage to a phycoviolobilin-type chromophore. J. Biol. Chem.
284, 29757−29772.
(22) Rockwell, N. C., Njuguna, S. L., Roberts, L., Castillo, E., Parson,
V. L., Dwojak, S., Lagarias, J. C., and Spiller, S. C. (2008) A second
conserved GAF domain cysteine is required for the blue/green
photoreversibility of cyanobacteriochrome Tlr0924 from Thermosy-
nechococcus elongates. Biochemistry 47, 7304−7316.

(23) Ishizuka, T., Kamiya, A., Suzuki, H., Narikawa, R., Noguchi, T.,
Kohchi, T., Inomata, K., and Ikeuchi, M. (2011) The cyanobacter-
iochrome, TePixJ, isomerizes its own chromophore by converting
phycocyanobilin to phycoviolobilin. Biochemistry 50, 953−961.
(24) Ulijasz, A. T., Cornilescu, G., Cornilescu, C. C., Zhang, J.,
Rivera, M., Markley, J. L., and Vierstra, R. D. (2010) Structural basis
for the photoconversion of a phytochrome to the activated Pfr form.
Nature 463, 250−254.
(25) Kaminski, S., and Mroginski, M. A. (2010) Molecular dynamics
of phycocyanobilin binding bacteriophytochromes: A detailed study of
structural and dynamic properties. J. Phys. Chem. B 114, 16677−16686.
(26) Kneip, C., Hildebrandt, P., Nemeth, K., Mark, F., and Schaffner,
K. (1999) Interpretation of the resonance Raman spectra of linear
tetrapyrroles based on DFT calculations. Chem. Phys. Lett. 311, 479−
484.
(27) Mroginski, M. A., von Stetten, D., Velazquez Escobar, F.,
Strauss, H. M., Kaminski, S., Scheerer, P., Günther, M., Murgida, D.
H., Schmieder, P., Bongards, C., Gar̈tner, W., Mailliet, J., Hughes, J.,
Essen, L.-O., and Hildebrandt, P. (2009) Chromophore structure of
cyanobacterial phytochrome Cph1 in the Pr state: Reconciling
structural and spectroscopic data by QM/MM calculations. Biophys.
J. 96, 4153−4163.
(28) Narikawa, R., Fukushima, Y., Ishizuka, T., Itoh, S., and Ikeuchi,
M. (2008) A novel photoactive GAF domain of cyanobacteriochrome
AnPixJ that shows reversible green/red photoconversion. J. Mol. Biol.
380, 844−855.
(29) Narikawa, R., Ishizuka, T., Muraki, N., Shiba, T., Kurisu, G., and
Ikeuchi, M. (2013) Structures of cyanobacteriochromes from photo-
taxis regulators AnPixJ and TePixJ reveal general and specific
photoconversion mechanism. Proc. Natl. Acad. Sci. U.S.A. 110, 918−
923.
(30) Fukushima, Y., Iwaki, M., Narikawa, R., Ikeuchi, M., Tomita, Y.,
and Itoh, S. (2011) Photoconversion mechanism of a green/red
photosensory cyanobacteriochrome AnPixJ: Time-resolved optical
spectroscopy and FTIR analysis of the AnPixJ-GAF2 domain.
Biochemistry 50, 6328−6339.
(31) Joergensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R.
W., and Klein, M. L. (1983) Comparison of simple potential functions
for simulating liquid water. J. Chem. Phys. 79, 926−935.
(32) Phillips, J. C., Braun, R., Wang, W., Gumbart, J., Tajkhorshid, E.,
Villa, E., Chipot, C., Skeel, R. D., Kale,́ L., and Schulten, K. (2005)
Scalable molecular dynamics with NAMD. J. Comput. Chem. 26, 1781−
1802.
(33) MacKerell, A. D., Bashford, D., Bellott, M., Dunbrack, R. L., Jr.,
Evanseck, J. D., Field, M. J., Fischer, S., Gao, J., Guo, H., Ha, S.,
Joseph-McCarthy, D., Kuchnir, L., Kuczera, K., Lau, F. T. K., Mattos,
C., Michnick, S., Ngo, T., Nguyen, D. T., Prodhom, B., Reiher, W. E.,
III, Roux, B., Schlenkrich, M., Smith, J. C., Stote, R., Straub, J.,
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1. Materials 

The following materials were used: Tris-HCl, min. 99% (SERVA);  NaCl, min. 99.5% (MERCK); 

EDTA, min. 99% (SIGMA-ALDRICH); D2O, 99.95% (Deutero GmbH). pD-adjustments for D2O 

buffer solutions were performed with a 2 molar DCl solution purchased from Deutero GmbH (DCl, 

38% in D2O, 12 Molar, 99.50%). Determination of the pH value was done using a pH-ISE-Meter 

(Denver Instruments, Model 225) and calibrated against three standard buffer solutions (Merck) at 

pH = 4.01, 7.00 and 10.00, which were freshly prepared prior to the sample preparation. pD values 

refer to the pH meter reading for the solution in D2O corrected for H/D isotope effect (+0.4 units). 

 

2. Details of the RR experiments:  

Table S1. Irradiation conditions of the RR measurements.  

The temperatures at which the samples were irradiated (with either 660 or 530 nm light) were first 
explored and optimized for the measurements in H2O. The optimized procedure was then also 
applied for the measurements in D2O. The labelling code for each illumination step is used to denote 
the subsequent subtraction procedure of the raw spectra given in Table S2. 

  light exposure conditions 
No. Label time temperature �(LED) 

1 Prdark non-irradiated sample 

2 Prdark 2 min @ 20 °C 530 nm 

3 Intred,1 10 min @ �80 °C 660 nm 

4 Intred,2 10 min @ �50 °C 660 nm 

5 Intred,3 10 min @ �40 °C 660 nm 

6 Intred,4 10 min @ �30 °C 660 nm 

7 Pg 10 min @ 20 °C 660 nm 

8 Intgreen,1 2 min @ �140 °C 530 nm 

9 Intgreen,2 10 min @ �120 °C 530 nm 

10 Intgreen,3 10 min @ �80 °C 530 nm 

11 Intgreen,4 10 min @ �40 °C 530 nm 

12 Prback 2 min @ 20 °C 530 nm 
 



Table S2. Subtraction procedure for constructing the pure spectra of the intermediates of the 

Pr-to-Pg and Pg-to-Pg photoconversion.  

The subtraction was performed starting with the raw spectra. After the subtraction procedures, 
polynomial baseline correction was applied to each pure spectrum. Spectra were normalized to the 
highest band between 600 and 1700 cm�1. For the forward reaction we found strong similarities 
between the IntRed3,pure (�40 °C) and IntRed4,pure (�30 °C) spectra, whereas the respective raw spectra 
mainly differ by the Pg contribution indicating that already at �40o C but even more at �30o C, the 
thermal relaxation to the Pg state takes place. Therefore, the pure IntRed3 and IntRed4 spectra reflect 
the same intermediate Meta-R1. 
�

General Subtraction procedure 

Subtraction procedure for the Pr-to-Pg intermediates 

Intred1,pure = Intred1,raw � Prraw     

Intred2,pure = Intred2,raw � Intred1,raw     

Intred3,pure = Intred3,raw � Intred2,raw � Intred4,pure � Pgraw 

Intred4,pure = Intred4,raw � Intred2,pure � Intred3,pure � Pgraw 
Subtraction procedure for the Pg-to-Pr intermediates 

Intgreen1,pure = Intgreen1,raw � Pgraw     

Intgreen2,pure = Intgreen2,raw � Intgreen1,raw     

Intgreen3,pure = Intgreen3,raw � Intgreen2,raw � Intgreen4,pure � Pgraw 

Intgreen4,pure = Intgreen4,raw � Intgreen4,pure � Intgreen3,pure � Pgraw 



3. Additional RR spectra 

Figure S1. RR spectra of (A) the Pr state phyA-PCB, (B) the Pr state of AnPixJg2, (C) the Pg state 
of AnPixJg2, and (D) the Pfr state of phyA-PCB. Spectra measured in H2O and D2O are given by the 
black and red lines, respectively. 
 

 



Figure S2. RR spectra of (A) the Pr of AnPixJg2 and (B) the Pg state of AnPixJg2, specifically 
indicating the N-H(N-D) ip modes. Spectra measured in H2O and D2O are given by the black and red 
lines, respectively. 
 

 



Figure S3. RR spectra of (A) the Pg of AnPixJg2 and (B) the Pfr state of phyA-PCB in the HOOP 
region, measured in H2O. 
 

 



Fig. S4. RR spectra of the states involved in the phototransformation from Pr to Pg of AnPixJg2 
(left) and from Pr to Pfr of the native (full-length) plant phytochrome phyA. The spectra display the 
methine bridge stretching region. Bold and normal letters refer to the frequencies of the C-D and A-B 
stretching mode, respectively. Note that the chromophore in phyA is a phytochromobilin (P)B) 
which � due to its vinyl substituent on ring D � leads to a ca. 10-cm-1 downshift of the C-D stretching 
frequency (FEBS Lett. 414, 23-26, 1997; Biochemistry 36, 13389-13395, 1997). Except for Meta-R2 
(denoted as Meta-Rc in phyA), all states involve a protonated cofactor as indicated by N-H ip mode 
of the pyrrole rings B and C. Data for phyA were taken from a reference after re-calibration 
(Biochemistry 38, 15185-15192, 1999). 

 

 



Table S3.Frequencies of the C-D and A-B stretching modes of the various states of the Pr-to-Pg forward and backward transformation in AnPixJg2 
(this work) and of the Pr-to-Pfr forward and backward transformation taken from previous studies (Biochemistry 38, 15185-15192, 1999; 
Biochemistry 34, 10497-10507, 1995). Only the states including a protonated cofactor are considered. Frequencies are given in cm-1. Further 
explanations are given below. 

No. State i C-D stretching mode A-B stretching mode 

phyA AnPixJg2 '(phyA � AnPixjg2) '('i+1�'i) phyA AnPixJg2 '(phyA � AnPixjg2) '('i+1�'i) 

1 Pr 1626 1635 -9  1644 1644 0  
�2 � 1�     -26    9 
2 Lumi-R 1589 1624 -35  1650 1641 9  
�3 � 2�     8    -8 
3 Meta-R1/Meta-Ra 1618 1645 -27  1641 1658 -17  
�4 � 3�     -15    -32 
4 Pfr 1600 1642 -42  1617 1676 -59  
�5 � 4�     20    +31 
5 Lumi-F 1623 1645 -22  1647 1675 -28  
�6 � 5�     0    -3 
6 Meta-G1/Meta-F 1625 1647 -22  1645 1676 -31  
�7 � 6�     13    +31 
7 Pr 1626 1635 -9  1644 1644 0  
 

To elucidate the effect of increased/decreased solvent accessibility of the chromophore by comparing AnPixJg2 and plant phytochrome phyA, one 

has to take into account the different constitutions of the cofactors, i.e. PCB vs. P)B. Thus, the entries in the columns '(phyA � AnPixjg2), i.e. the 

frequencies difference between the corresponding in AnPixJg2 and phyA, reflect the effects of the different substituents on ring D (vinyl in P)B 

and ethyl in PCB) and of the different chromophore environment. To sort out these two effects, in the columns '('i+1�'i) we have generated the 

differences of these frequency differences between two subsequent states. Assuming that the photoinduced structural changes of the chromophores 

are the same for AnPixJg2 and phyA, these values should largely reflect only the contribution of the solvent interactions with the C-D and A-B 

methine bridges during the individual reaction steps. These values are plotted in Fig. S5. 



Fig. S5. Changes of the frequency differences between phyA(P)B) and AnPixJg2 for the C-

D and A-B modes during the transitions between the states of the Pr-to-Pfr/Pr-to-Pg forward 
and backward transformations. Data were taken from Table S3. Assuming that thse changes 
'('i+1�'i) are exclusively controlled by the interactions of the chromophore with nearby 
water molecules, negative and positive values indicate an increased and decreased solvent 
accessibility of the chromophore in AnPixJg2, respectively. Accordingly, water influx into the 
chromophore binding pocket of AnPixJg2 during the Pr-to-Pg transformation is at first noted 
for the isomerisation site (C-D bridge) in the Pr-to-Lumi-R transition and is completed during 
the Meta-R1-to-Pg transition (note this analysis does not consider the deprotonated species 
such that one may not distinguish between the Meta-R1-to-Meta-R2 and the Meta-R2-to-Pfr 
transition) whereas the A-B methine seems to experience an increased water contact only in 
the last step of the phototransformation. For the reverse process, the changes at the C-D and 
A-B methine bridges occur simultaneously in two steps, the primary Pg-to-Lumi-F event and 
the final steps from Meta-F-to-Pr.  

 



4. Figures illustrating the MD simulations 

 

Figure S6. Root-mean-square deviation of the protein backbone (with respect to the crystal 
structure; excluding the five amino acids of the terminal ends) (A) and the total energy (B) for 
the Pr (blue), Pg155 (black), and Pg175 (red) models. 
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Figure S7. Angle between rings C and D of the chromophore for the Pr (blue), Pg155 (black), 
Pg175 (red) and Pg195 (green) models. 

 

 

 

 

Figure S8. Evolution of the solvent accessible area of the chromophore for the Pg155 (black) 
and Pg175 (red) models. 

 

 



 

5. Structural models of derived from the MD simulations 

Fig. S9. Water network of the Pr state after the MD trajectory. Water molecules are displayed 
as orange balls and stick. Side chain nomenclature refers to the AnPixJg2 structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S10. Water network of the Pr photoproduct (Pg155) after the MD trajectory. Water 
molecules are displayed as green balls and stick. The solvent network of the Pr state is shown 
in orange for comparison. Side chain nomenclature refers to the AnPixJg2 structure. 
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6.  Structural parameters of the MD simulations 

Table S4. Selected bond lengths and bond angles of the PCB chromophore structure in the Pr 
state of AnPixJg2 as determined experimentally by X-ray crystallography, and derived from 
the Pr and Pg155 models during the last 5ns of the MD simulations . The respective values of 
the Pr states of Cph1'2 (X-ray structure) and of  phyA-PCB (obtained by QM/MM 
calculations) are shown for comparison.  

�

 AnPixJ Pr Cph1û2 phyA AnPixJ photoproduct 

 X-ray MM û
c X-rayd QM/MMe MM û

c 

A-B methine-bridge        

C(A)=C a 1.397 
1.361 ± 
0.029 

0.036 1.346 1.363 ± 0.003 1.360 ± 0.029 0.036 

C-C(B)a 1.403 
1.435 ± 
0.029 

0.032 1.494 1.428 ± 0.004 1.432 ± 0.028 0.028 

C(A)=C-C(B) b 126.12 
130.53 ± 

2.58 
4.41 127.98 132.0 ± 1.1 130.64 ± 2.68 3.31 

N(A)C(A)=CC(B) b 0.38 -0.15 ± 6.26 0.23 -6.63 -5.9 ± 1.8 -7.12 ± 6.21 6.40 

C(A)C-C(B)N(B) b 10.58 5.34 ± 9.17 5.24 12.89 17.3 ± 4.0 -14.20 ± 10.87 30.27 

B-C methine-bridge        

C(B)=C a 1.412 
1.383 ± 
0.030 

0.029 1.484 1.386 ± 0.004 1.379 ± 0.029 0.033 

C-C(C) a 1.411 
1.376 ± 
0.030 

0.035 1.469 1.398 ± 0.004 1.372 ± 0.030 0.035 

C(B)=C-C(C) b 124.44 
129.88 ± 

2.58 
5.44 136.06 135.5 ± 0.6 129.28 ± 2.64 5.12 

N(B)C(B)=CC(C) b 2.21 1.96 ± 9.31 0.25 2.50 1.0 ± 2.4 -10.59 ± 8.37 8.41 

C(B)C-C(C)N(C) b -6.58 -8.43 ± 9.37 1.85 -1.72 -4.5 ± 2.8 10.90 ± 8.69 5.71 

C-D methine-bridge        

C(C)=C a 1.403 
1.433 ± 
0.029 

0.030 1.486 1.440 ± 0.004 1.431 ± 0.029 0.031 

C-C(D) a 1.393 
1.370 ± 
0.029 

0.023 1.479 1.358 ± 0.003 1.369 ± 0.029 0.021 

C(C)=C-C(D) b 131.77 
128.74 ± 

2.90 
3.03 129.62 126.2 ± 1.1 127.02 ± 2.93 5.41 

N(C)C(C)=CC(D) b -147.89 
-137.65 ± 

8.39 
10.24 -152.81 -145.3 ± 4.5 135.27 ± 8.17 84.61 

C(C)C-C(D)N(D) b 26.96 25.34 ± 9.79 1.62 2.46 10.6 ± 1.7 -57.91 ± 9.45 46.24 

�

a  bond lengths are given in Å; b  bond dihedrals are given in degrees; c  difference between X-ray and 
structure after MM-trajectory; d  Mroginski et al, Biophys. J., 2009, 96, 4153-4163.; e  Mroginski et al, 
J. Phys. Chem. B, 2010,  115, 1220-1231.�



9. Summary

Combining the large library of vibrational spectra of phytochrome [102, 118, 184],

increasing availability of phytochrome crystal structures [49, 190, 214] and devel-

opment of more accurate theoretical models [127, 130], this work achieved a break-

through in the comprehensive and integral study of the chromophore structural changes

in phytochromes and cyanobacteriochromes. Furthermore, quantitative spectral anal-

ysis allowed determination of thermodynamic parameters [159, 207], allowing for an

improved understanding of dynamic processes from a molecular and atomistic perspec-

tive.

Pr-to-Pfr pathway in prototypical phytochromes Formation of the Pfr state in

the BV-binding prototypical phytochromes Agp1, Rph2 and CphB involves several

changes within the chromophore and of the protein structure. First, the Z/E isomer-

ization leads to the formation of the Lumi-R intermediate in which the chromophore

adopts a highly tensed ZZE geometry. This intermediate decays to a more relaxed

Meta-Ra intermediate species, in which the binding pocket is partially relaxed but the

chromophore is yet distorted. With the subsequent formation of Meta-Rc, the BV

cofactor releases a proton to the solution phase, inducing larger structural changes

which probably disrupt mainly the C-terminal domain structure. Finally, the Pfr state

formation involves chromophore re-protonation and β-sheet-to-α-helix refolding of

the tongue motif in the PHY domain [190].

While the Pr-to-Pfr forward reaction is essentially equivalent in all BV-binding

phytochromes, specific protein-cofactor interactions govern the thermal stability of the

Lumi-R formation in each protein. Proton dynamics play a crucial role during the Pr-

to-Pfr pathway as observed through the notable H/D isotopic effect. First, the larger

Lumi-R quantum-yield in D2O can be understood in terms of a longer life-time of the

Pr excited state (Pr*) [201]. The Meta-Ra-to-Meta-Rc chromophore proton release is

also slower in deuterated medium [23].

The relevance of the PHY-domain is already revealed at the early Pr-to-Lumi-R tran-

sition. Deletion of this C-terminal domain also interferes the subsequent decay to the

Meta-Ra intermediate. Interestingly, for proton translocation at the Meta-Rc interme-

diate state the PHY-domain does not play a crucial role. However the proper refolding

of this C-terminal domain is highly relevant within the bona-fide Pfr state formation.

While truncated phytochrome variants lacking the PHY domain, in some cases, afford
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9. Summary

red-shifted product with a fully protonated ZZEssa-like chromophore geometry, the

characteristic vibrational fingerprint of the chromophore (RR) and the β-sheet-to-α-

helix protein-refolding (IR) are impaired.

Chromophore structure in the Pfr state in protypical and bathy phytochromes

Experimental and calculated Raman spectra for the chromophore structure in the Pfr

state of the bathy phytochrome Pap1 are in excellent agreement with previous crystal-

lographic analyses, including the endocyclic cofactor-protein thioether binding [214].

In contrast to the highly homogenous chromophore structure in the Pfr state of bathy

phytochromes, prototypical phytochromes display a more flexible Pfr cofactor struc-

ture. Structural heterogeneity is observed at the methine bridges AB and CD. Here the

role of a conserved aspartate residue in both phytochromes classes plays a crucial role.

In bathy phytochrome, there are strong interactions between ring D and the aspartate-

side chains supported by the extremely slow H/D exchange of the pyrrole nitrogen at

ring D, whereas the remaining protonable nitrogen groups in ring A, B and C undergo

fast proton exchange. The corresponding hydrogen bonding situation in the Pfr state

of prototypical phytochromes is considerably weaker. This structural heterogeneity is

supposed to open of the thermal reaction channel of the Pfr-to-Pr reverse pathway.

Keto-enol tautomerism involved in thermal decay of the light activated state in

bathy phytochromes The photo-activated state in bathy phytochromes (Pr state) and

the associated output module activation or deactivation is based on proton transloca-

tions in the chromophore pocket, including chromophore (local) and protein (global)

structural changes. After the E/Z-isomerization, crucial steps for the Pr state forma-

tion takes place with the decay of Meta-F to Pr: the proton release of the propionic

side chain and the α-helix-to-β-sheet transition of the PHY domain. Thermal decay of

the light-activated Pr species follows a keto-enol tautomerism. A nearby histidine side

chain is involved during this process. This thermal reverse-isomerization to the dark

adapted Pfr state requires inter-molecular proton translocation, enabling ring D rota-

tion in an enol tautomer. Here the initial proton re-arrangement events which trigger

the activation or repression of the output module seed the reverse process to the dark

adapted Pfr state, corresponding to a negative feedback mechanism. While the struc-

tural details might are certainly specific for the Pr-to-Pfr-thermal pathway in bathy-

phytochromes, a keto-enol tautomerism as a prerequisite for a thermal double bond

isomerization is likely to be a common mechanism also for prototypical phytochromes

[155], although the steady state concentration of the ‘active ” enol form might be rather

low. In this sense, the dark reversion and thus thermal deactivation in canonical phyto-

chromes (Pfr-to-Pr) and related proteins (e.g. Pg-thermal decay in ApxJ cyanobacteri-

ochrome) may follow a similar mechanistic pattern.
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Role of the H260 on the Pr and Pfr chromophore structure in Cph1 The chro-

mophore in the Pr state of prototypical Cph1∆2 phytochrome includes two similar

ZZZssa conformers (Pr-I and Pr-II) [180]. In acidic conditions the population of the

Pr-I form prevails. However in light alkaline medium it undergoes a structural reori-

entation at the AB methine bridge, leading to the Pr-II conformer. This equilibrium

is controlled by the protonation state of the conserved H260. Mutation of this residue

cancels the conformational equilibrium in the Pr state. During the Pr-to-Pfr forma-

tion the histidine side chain lowers its pKA value (imidazolium/imidazole) leading to

a pH independent Pfr state. Finally, H260 plays a crucial role as key residue within

the proton-uptake event during the Pfr formation. Removal of the imidazole side chain

hinders proton-translocation into the chromophore moiety.

Chromophore-pocket hydration tunes the absorption properties in the light-

activated state (Pg state) in red/green cyanobacteriochromes The PCB-

chromophore structure in the second GAF domain of ApxJ (AnPixJg2) cyanobac-

teriochrome adopts a very similar geometry in the dark adapted Pr state as in proto-

typical and plant phytochromes [32, 133]. Following red light absorption, a similar

reaction pathway as in prototypical phytochromes is observed: isomerization at the

CD methine bridge leads to formation of the Lumi-R intermediate, followed by the

thermal decay to the Meta-Ra intermediate and eventually to the deprotonated Meta-Rc

intermediate. However, the light-activated state (Pg state) displays a blue-shift in the

absorption maximum by more than 100 nm and the methine bridge stretching frequen-

cies are significantly upshifted. Light-induced Pg-to-Pr reverse reaction takes place

through the same number of intermediate species, including a transient chromophore

deprotonation.

Interestingly, the chromophore in this hypsochromic Pg-form is fully protonated and

adopts a ZZE-geometry, very similar as the Pfr structure in canonical phytochromes.

The difference between the Pfr and the Pg state can be understood in terms of an

increased solvent accessibility of the chromophore, leading to a reduction of the pi-

electron delocalization in the tetrapyrrole cofactor. In this respect, the energies of

the first electronic transition and methine bridge stretching modes are considerably

increased.

Solvent influx is facilitated by the sterical clashes of the C-D methine bridge and

the nearby Trp90, leading to a reorientation of the indole side chain and thus allowing

an increase in the accessibility of water molecules to the bilin cavity. The tryptophan

residue is conserved among red/green absorbing cyanobacteriochromes. The color tun-

ing mechanism in ApxJ is unique among the phytochrome-family. In particularly, since

the protonation state of the bilin cofactor has a minimal effect on the electronic prop-

erties of the light-activated Pg-state.
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Transformation of a phytochrome into a fluorescent tool Understanding cofactor-

protein interactions is essential for elucidating the photochemical and thermal reactiv-

ity of the tetrapyrrole chromophore. As an additional consequence of more applied

relevance, it may also help controlling the interplay between the various excited state

processes of the chromophore, specifically aiming at increasing the fluorescence at

the expense of the photochemical quantum yield to generate red-fluorescing phyto-

chromes for deep-tissue fluorescence microscopy [169]. So far, phytochrome-based

IRFPs were obtained by random mutagenesis but yet display relatively poor emission-

efficiency and brightness [52, 167]. To make first steps towards a rational design,

the combined spectroscopic and theoretical approach applied to Rph2-PG revealed the

structural basis for key amino acid substitutions in terms of fluorescence yield increase

[206].

The most relevant structural difference between fluorescing variants and the ‘non-

fluorescing’ template were observed for the CD methine bridge. These differences

involve also the weakening of the hydrogen bond interactions of the terminal carbonyl

group and decreased solvent molecules in this part of the chromophore cavity. Fur-

thermore, the rigidity of the bilin structure is significantly increased. Particularly, in

the flexible regions of rings A and D, the conformer distribution as known for bilin

in the Pr state is considerably shifted towards the more rigid geometry. The reduced

flexibility of the proximal ring A is monitored through the carbonyl frequency changes.

These results are in good agreement with the first crystal structure of an IRFP

molecule [8]. Furthermore, they allowed a satisfactory calibration procedure for

future studies involving chromophore structure predictions in diverse IRFP-molecules.

Finally, this method supports rational mutational strategies with the aim of optimizing

fluorescent brightness or tuning the emission-wavelength.
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A. Addtional setup diagrams and performance measurements

r

Figure A.1: Top: schematic representation of the BRUKER RFS/100S spectrometer
based on ref. [29, 184]. Incident laser light D passes through the aperture I, option-
ally also through the polarisator G and is reflected to the sample at a small 45° mirror
attached to the collecting lens F. The backscattered light in the sample chamber E is
returned over the collecting lens to the interferometer C. The main part of elastic scat-
tering laser light is removed by the notch filter M. Remaining light is then focused at the
detector K. Bottom: sample chamber with sample holder D and collecting lens B.
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A. Addtional setup diagrams and performance measurements

1064 nm(λ          )laser lightRaman scattered

light

notch filter

in the plane:

out of the plane:

to the objective/
sample

up to the video camera

Pr

Figure A.2: Schematic drawing of the RAMANSCOPE III™ module. Incident laser light
is coupled via a suitable optic fiber and focused to the sample trough the OLYM-
PUS BX51 microscope. Scattered light is then collected back and partially reflected
to the video camera (INFINITY 1) located over the microscope and the 90° mirror (right
side at the bottom). However, most of the scattered photons follow the optical path back-
wards. At the notch filter the Rayleigh photons are absorbed and only the Raman signal
passes through and is then focused to the IR fiber-optic. Subsequently the Raman light
goes into the spectrometer and is finally detected (see fig. A.1,position L). [29, 31]
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 600  700  800  900  1000  1100  1200  1300  1400  1500  1600  1700

c = 1.0 mg/ml (0.017 mM)
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c = 10.0 mg/ml (0.170 mM)
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1465
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1072

∆ν / cm−1
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 1500  1550  1600  1650  1700  1750

N−H C=C

1630

∆ν / cm−1

Figure A.3: Resonance Raman spectra of the Pr state of Cph1∆2 measured under dif-
ferent concentrations as indicated in each layer. The ratio of the C=C stretching band at
1630 cm−1(CD bridge) and buffer contribution rising at 1072 cm−1was used to deter-
mine the minimal detectable concentration via FT-RR spectroscopy (see fig. A.4).
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A. Addtional setup diagrams and performance measurements

Figure A.4: Resonance Raman intensity (IC=C/Ibuffer) and Cph1∆2 protein concentration
correlation (•). According to the presented relationship, a linear dependency can be
observed (solid line). In addition, dashed lines denote the lowest (170 µM) and optimal
(500 µM) protein concentration range (see fig. A.3). Furthermore, this correlation can
be used as calibration curve to determine phytochrome holoprotein concentration based
on the intensity ratio of the peaks at 1630 cm−1(chromophore) and 1072 cm−1(buffer).
Strictly, this applies only for PCB binding phytochromes in the Pr state (with Q-Band
maximum at 660 nm). However, this correlation provides a reliable reference for other
phytochromes.
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Figure A.5: FT-Raman spectra of a plain Si wafer recorded at the standard and the micro-
scope setup. Both measurements were performed using the same power measured at the
sample. Comparison of the SNR values shows that the performance of the confocal
measurements, including signal losses along the optical pathway, is only reduced to the
half if compared to conventional measurements (standard or Macro-setup). This applies
strictly for plain surface. Microscope setup measurements done in the bulk displayed
considerably lower SNR values (see fig. A.6).
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 600  700  800  900  1000  1100  1200  1300  1400  1500  1600  1700

 0  500  1000  1500  2000  2500  3000  3500

Cph1 Macro/Ramanscope fullrange
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∆ν / cm−1
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Cph1-Sample Ramanscope
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Cph1-Sample Macro

Cph1-Sample Macro
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Noise-Calc.: 1800-2000 cm−1

r n

Figure A.6: RR spectra of the Pr state of Cph1∆2, measured using the standard and the
microscope setup. Like the previous Si-wafer measurements (see fig. A.5), spectra were
recorded using the same laser power at the sample. However, due to the overall lower
signal higher laser power was required (300 mW). In this case ten-fold decrease in the
performance was determined.
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Figure A.7: Schematic diagram of the IR transmission cell including the LED arrays.
Each of them carries twelve single diodes of two different wavelengths (left panel). Dur-
ing each irradiation step only the 12 LED lamps of a single color are switched on. In
the current example, the red and green diode colors correspond to λBIT0 = 670 nm and
λBIT1 = 530 nm. Incident LED light angle was optimized to ensure full irradiation of the
complete IR sample surface (right panel). Furthermore, irradiation of both sides of the
sample surface ensures homogenous light exposure. Sample holder is placed in a home-
made bath cryostat [57]. The gray area of the setup is under high vacuum (7.0x·10−6

bar).
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B. Supplementary spectra: pH dependence in Cph1 phytochrome
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Figure B.1: Pure H2ORR spectra of all protonated Pr species of the CPh1∆2 phyto-
chrome: P-II, Pr-I and Prcrystal . Buffer contribution in to the crystal spectrum is indi-
cated in gray. Doted vertical lines indicate frequency correlations or displacements of
chromophore bands in all three RR spectra. In agreement with the marker region, spec-
tral differences in the lower frequency region of the Pr-II and Pr-I were also observed
(HOOP and i.p. region).
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B. Supplementary spectra: pH dependence in Cph1 phytochrome
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Figure B.2: Pure RR spectra of the deprotonated Pr and Pfr species (Prdeprot and
Pfrdeprot).
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B. Supplementary spectra: pH dependence in Cph1 phytochrome
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Figure B.3: Global component analysis of the RR spectra of the Pr state in Cph1∆2
phytochrome assembled with 13C5-PCB chromophore. Spectra were recorded at four
different pH values: pH = 8.0 (top), 7.5, 7.0 and 6.5 (bottom). Within this pH range,
contribution of the deprotonated Pr species is negligible (see fig. 4.3). Hence, this com-
ponent was not included in the fitting procedure. Relative concentration of the Pr-I-13C5
and Pr-II-13C5 are given in table 4.1.
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B. Supplementary spectra: pH dependence in Cph1 phytochrome
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Figure B.4: Full range RR spectra of both protonated Pr species (Pr-I and Pr-II) in
Cph1∆2 recorded in H2O(middle layers) and in D2O(top and bottom layers) and after
13C5-PCB-labelling (second from top and from the bottom). Doted lines indicate the
H/D isotopic shift of the N-H i. p mode.
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B. Supplementary spectra: pH dependence in Cph1 phytochrome
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Figure B.5: Full range RR spectra of the Pr state in the Cph1∆2H60Q mutant measured
in H2O buffer between pH = 7.0 and 8.5. Unlike the native Pr species, the stronger inten-
sity of the PHE band at 1004 cm−1, indicates a higher apoprotein contribution and thus
a reduced chromophore affinity in the H260Q-mutant. However, protein contribution is
considerably small.
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B. Supplementary spectra: pH dependence in Cph1 phytochrome

 600  700  800  900  1000  1100  1200  1300  1400  1500  1600  1700  1800

Pfr state, pH = 8.5

1004
PHE

803

812

pH = 8.0

pH = 7.0

pH = 7.8

∆ν / cm−1

Cph1∆2, H260Q mutant, H2O

Cph1∆2, H260Q mutant, H2O

Cph1∆2, H260Q mutant, H2O

Cph1∆2, H260Q mutant, H2O

r n

Figure B.6: Full range RR spectra of the Pfr state pH titration in the Cph1∆2H60Q
mutant. Further details are given in fig. B.5. Among marker region spectral changes
(N-H i. p. and C=C modes), the strong HOOP band at 803 cm−1with a high frequency
shoulder at 812 cm−1is observed at pH = 7.0 (bottom). Thus, suggesting a very sim-
ilar chromophore structure as in the native Pfr state. Upon pH increase, chromophore
deprotonation is observed among the complete spectral range.
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B. Supplementary spectra: pH dependence in Cph1 phytochrome
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Figure B.7: Full range RR spectra of the pure Pr and Pfr spectra of the Cph1∆2H60Q
mutant measured in H2Oand in D2O: deprotonated Pfr species (PfrH260Q,deprot , top), pro-
tonated Pfr (PfrH260Q,prot) and Pr species (PrH260Q, bottom).
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B. Supplementary spectra: pH dependence in Cph1 phytochrome
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Figure B.8: Marker region band analysis of the RR spectra of all deprotonated species
from Cph1∆2 wildtype (Pr and Pfr) and the Pfr species of the H260Q mutant. Experi-
mental spectra (solid black) are plotted along with the fitted species (in red) and all the
corrsponding single Lorentzian bands (displayed in gray). Fitting parameters listed in
table E.4.
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B. Supplementary spectra: pH dependence in Cph1 phytochrome
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Figure B.9: Resonance Raman spectra of the Pr state in Cph1∆2 (Pr-I and Pr-II), the Pr-x
(Pr-fluoro) species (second from top) compared to the Pr spectrum of Rph2-IRFP phyto-
chrome (top). Pure Pr-fluoro spectrum was observed only at very low buffer conditions
(2.5 mM Tris-Cl, 15 mM NaCl, pH 7.8).
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C. Supplementary spectra: prototypical phytochromes Pr-to-Pfr reaction
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Figure C.1: Complete H2O and D2O series of Agp1FMR recorded RR spectra accord-
ing to the temperature-dependent irradiation protocol in fig. 3.4.
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C. Supplementary spectra: prototypical phytochromes Pr-to-Pfr reaction
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Figure C.2: RR spectra of all pure Agp1FMR Pr and Pfr species: Prdark (top), Prilum−1,
Prilum−2 and Pfr (bottom). Difference RR spectra (Prilum−1 or Prilum−2 minus Prdark and
Pr-minus-Pfr) are shown in gray. The Pr-minus-Pfr difference spectrum is downscaled
(by a factor of 2).
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C. Supplementary spectra: prototypical phytochromes Pr-to-Pfr reaction
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Figure C.3: RR spectra of all the possible Lumi-R H2O-species in Agp1FMR phyto-
chrome: Lumi-R1 (top, -140 °C), Lumi-R2 (-120 °C), Lumi-R3 (-80 °C) and pure Meta-
Ra as negative control (bottom). Lumi-R1-minus-Lumi-R2 and Lumi-R2-minus-Lumi-
R3 RR difference spectra (in gray) allow a comparison of the different irradiation condi-
tions and the temperature dependent intermediate evolution. Differences are highlighted
with dotted lines.
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C. Supplementary spectra: prototypical phytochromes Pr-to-Pfr reaction
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Figure C.4: Marker region band analysis of the Agp1FMR apoprotein Raman spectra
measured in H2O (top) and D2O (bottom). Spectra were kindly provided by Dr. David
von Stetten and Mina Günther.
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C. Supplementary spectra: prototypical phytochromes Pr-to-Pfr reaction
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Figure C.5: Marker region band analysis of all RR Pr spectra (Prdark , Prilum−1 and
Prilum−2) recorded in H2O (bottom) and D2O (top). Fitting parameters displayed in
tables E.6 and E.7.
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C. Supplementary spectra: prototypical phytochromes Pr-to-Pfr reaction
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Figure C.6: Band analysis of Lumi-R1 and Lumi-R2 RR spectra marker region (top
H2O and bottom D2O). Corresponding fitting parameters are listed in tables E.8 and
E.9.
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C. Supplementary spectra: prototypical phytochromes Pr-to-Pfr reaction
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Figure C.7: Marker region component analysis of the raw Agp1FMR RR spectra
recorded in H2O (left) and D2O (right). Spectra of the first temperature-irradiation con-
ditions are displayed according to the measuring protocol in fig. 3.4. Component concen-
trations (Pr, Lumi-R, Meta-Ra, Meta-Rc, Pfr and Apoprotein) are found in tables 5.1 and
5.2. Remaining raw spectra of the Pr-to-Pfr cryogenic trapping experiments are shown
in fig. C.8).
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C. Supplementary spectra: prototypical phytochromes Pr-to-Pfr reaction
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Figure C.8: Continuation of fig. C.7. Details are given in the previous figure.
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C. Supplementary spectra: prototypical phytochromes Pr-to-Pfr reaction
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Figure C.9: RR Pr state spectra of CphB (top) and Agp1 (bottom) phytochrome assem-
bled with native BV and 13C10-labeled chromophore and measure in H2O and D2O.
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C. Supplementary spectra: prototypical phytochromes Pr-to-Pfr reaction
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Figure C.10: RR Pr state spectra of CphB (top) and Agp1 (bottom) phytochrome assem-
bled with native BV and 13C10-labelled chromophore. Details are given in fig. C.9.

293





D. Supplementary spectra: Pfr and Pr state in

bathy phytochromes

295



D. Supplementary spectra: Pfr and Pr state in bathy phytochromes
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Figure D.1: Resonance Raman spectra of the dark adapted Pfr state in bathy phyto-
chormes. Experimental RR spectra are compared to the QM/MM calculated average
spectrum (bottom layer) [159]. Spectrum was kindly provided by Prof. Dr. Maria-
Andrea Morginski and Johannes Salewski. Calculated QM/MM spectrum corresponds
to a fully protonated ZZEssa BV chromophore. Furthermore, most relevant vibra-
tional mode assignments are explicity noted. All experimental spectra were recorded
in H2O using standard buffer protocols, except the Agp2M2 crystal Pfr spectrum (crys-
tallization buffer). Contribution of the buffer is noted with a P.
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes
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Figure D.2: RR Pfr spectra of bathy and prototypical phytocrhomes, including band
analysis in the HOOP region (left panel) and in the marker band range (right panel).
The Pfr spectra in different phytochrome-proteins as well as specific mutation are pre-
sented in the following order (top to bottom): Pap1-fl, Agp2-fl, Agp1-FMR, Agp1
assembled with 13C10-BV, Agp1∆18 (deletion mutant missing the first 18 N-terminal
residues), Agp1C20A (alanine mutation at the cysteine-binding side), CphB-fl, Rph2-
PGP and Xcp1. Agp1∆18 and Agp1C20A were kindly provided by Dr. David von Stet-
ten [184]. Measured spectrum, overall fit and single Lorentzian are coded according
section 3.9.1. HOOP peaks, as well as AB and BC C=C bands are displayed in blue.
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes

 600  700  800  900  1000  1100  1200  1300  1400  1500  1600  1700

PHE
1004

650

661

811

1161

1279

1229 1501

1499

1415

1375
1209

1346

1349

1216

1062
N−D

RR: Agp2−fl
RR: Pap1−fl

∆ν / cm−1

H2O

H→D dark

H→D hν

 1500  1600  1700

1599CD
C=C

1608
AB

BC
1578

N−H
B, C

1549

−4

−6

−7

∆ν / cm−1

Figure D.3: RR Pfr spectra of full-length Agp2 and Pap1 phytochrome measured in
H2O (top spectra), in D2O without light exposure (middle layer, H→D dark) and after
a complete photocycle in deuterated medium (top layer, H→D hν). Isotopic displace-
ments are indicated in the high frequency region. Assignments in H2O spectra are based
on the QM/MM calculations performed for Pap1 [159]. This figure was modified from
ref. [207].
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes
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Figure D.4: Full range RR spectra of the Pfr state in native (solid) and 13C-protein-
labelled Agp2-fl phytochrome. Displayed spectra were recorded: (1) in H2O (top) and
after (2) H→D exchange in dark, (3) a complete photocycle in D2O and (4) subsequent
D→H exchange in H2O. Finally RR spectra were recorded after a complete photocycle
preceding step 4 (bottom).
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes
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Figure D.5: Fitted Resonance Raman Pfr spectra of the native Agp2-fl. Spectra are dis-
played according to fig. D.4, only the band analysis of the light induced reprotonation in
H2O is not shown (fig. D.4 bottom). The Lorentzian-shaped CD band and its isotopic dis-
placement are indicated. Color nomenclature of the spectra according to subsection 3.9.1.
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes
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Figure D.6: Left panel: Pap1-fl Pr minus Pfr difference IR spectra displayed in the
C=O region: after a photocycle in D2O (top), H→D exchange in the dark (middle) and
H2O spectrum (bottom). Right panel: enlarged C=O region of the RR Pfr spectra in Pap1
and Agp2. The layer distribution is in line with the left panel.
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes
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Figure D.7: Comparison of the RR Pfr spectra of Agp2-fl measured under differ-
ent sequential H/D exchange conditions and the QM/MM calculated Raman spectra
[159] based on different protonation and deuteration of the pyrrole nitrogen [207]. Calcu-
lated QM/MM spectra were kindly provided by Johannes Salewski and Prof. Dr. Maria-
Andrea Mroginski.
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes
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Figure D.8: Experimental (RR) and calculated (QM/MM) difference spectra prior and
after sequential H→D (D→H) in bathyphytochromes. QM/MM difference spectra were
generated either by subtraction from partially deuterated chromophore (AD-BD-CD-
DH or AH-BD-CD-DD) minus the spectrum (in both cases) of the fully deuterated bilin
(AD-BD-CD-DD). The same procedure was applied for the sequential D→H process.
Positive bands (—) indicate deuterated ring D, whereas negative peaks (—) indicate a
protonated pyrrole ring.

303



D. Supplementary spectra: Pfr and Pr state in bathy phytochromes
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Figure D.9: Sequential H→D and D→H exchange over time in the Agp2-fl Pfr state
monitored by RR spectroscopy. Spectral contribution of the partially protonated (deu-
terated) or fully protonated (deuterated) Pfr species was globally analyzed. Component
spectra were obtained according to fig. D.5. Left (right) panel: sequential H→D (D→H)
exchange overtime. Component contribution is shown in fig. D.10.
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes

Pfr state
Agp2−flAD-BD-CD-DH

AD-BD-CD-DD

AH-BH-CH-DD

AH-BH-CH-DH

Figure D.10: Component contribution of the H→D (D→H) exchange monitored by RR
spectroscopy (fig. D.9). Conversion from a partially deuterated chromophore species
(AD-BD-CD-DH) to a completely exchange cofactor (AD-BD-CD-DD) follows a sig-
moidal development (fitted Boltzmann function as dotted lines) and is considerably
slower. The inverse reaction occurs faster. Ring D reprotonation (AH-BH-CH-DD to
AH-BH-CH-DH) was fitted by a biexponential function.
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes

Figure D.11: Comparison of the native BV-α with the BV-δ chromophore (Pap1-fl
phytochrome, see section 3.1 and fig. D.12). In this representation both tetrapyrrole
molecules are displayed as bounded cofactors. Difference in the side chain groups are
highlighted in red (BV-δ).
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes
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Figure D.12: RR spectra of the Pfr state in Pap1-fl assembled with the non-native
BVδ chromophore displayed in the HOOP region (left) and in the marker range (right).
The H2OPfr spectrum of Pap1-fl with native BV (top) shows excellent agreement with
the corresponding RR spectrum of the BVδ Pap1-fl (second from top). Furthermore,
the BVδ-variant undergoes sequential H→D exchange at ring D as demonstrated in the
D2O RR Pfr spectra recorded in dark (second from bottom) and after a complete photo-
cycle (bottom).
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes
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Figure D.13: RR spectra of the Pfr state in Xcp1 bathy phytochrome recorded in
H2O (top), D2O prior light exposure (middle layer) and after a complete photocycle
in deuterated medium (bottom).

308



D. Supplementary spectra: Pfr and Pr state in bathy phytochromes
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Figure D.14: C=O stretching modes in the RR Pfr (left) and Pr-minus-Pfr IR-difference
spectra (right). Spectra (Pfr or Pr-minus-Pfr) were recorded in H2O (bottom), after H/D
exchange in the dark (middle) and preceding a complete photocycle in D2O (top).
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes
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Figure D.15: RR spectra of the Pr state in Agp2-fl recorded between pH 6.0 and 10.0.
Left: full range spectra. Right: expanded C=O region. Specific band frequencies and
mode assignments are indicated. Doted lines denote frequency correlations through the
investigated pH range. Buffer contribution is displayed in gray. [207]
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes

Pr state

Pfr state

Figure D.16: Normalized contribution of the overall Pr (Prketo and Prenol , in gray) and
Pfr components to the recorded RR spectra in the Agp2-fl Pr state within pH 6.0 and
10.0. Standard deviation was calculated based on three independent measurements.
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes

Agp2FL

pH = 9.0

pH = 7.0

pH = 6.0

pH = 7.8
pH = 10.0

Figure D.17: Pr-to-Pfr thermal conversion in Agp2-fl measured at pH 6.0 and 10.0. Time
traces at OD757 were recorded and analyzed according to the absorption spectroscopy
protocol in subsection 3.3. Further kinetic results are given in section 6.2 or in ref. [207].
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes

pD = 7.8

pH = 7.8

Agp2FL

Agp2−PGP Agp2−PGP

Agp2FL

Figure D.18: Comparison of the thermal Pfr-state recovery in Agp2-fl and the photosen-
sory domain (Agp2M2 or Agp2-PGP). Both were measured in H2O and in D2O (red).
Further details are given in fig. D.17.
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes

Pap1FL

Agp2FL

pH = 7.8

Figure D.19: Pr-to-Pfr thermal conversion in Pap1-fl (blue). For comparison Pfr recov-
ery in Agp2-fl is shown. The Pr-to-Pfr conversion in Pap1-fl is two orders of magnitude
slower as in Agp2-fl. Further details are given in fig. D.17.
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D. Supplementary spectra: Pfr and Pr state in bathy phytochromes

409

Pap1Fl Pfr state

757

Xcp1 Pfr state pure

Agp2M2 Pfr state

Figure D.20: Pfr state absorption spectra of the bathy phytochromes Xcp1, Agp2(M2,
red) and Pap1 (dotted line). Details of the UV/VIS measurements are given in section
3.3.
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E. Supplementary data and frequency tables

H2O 13C5 D2O

SCS 18.75 15.83 20.77

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

C=O 1722 0.011 13.7 1718 0.038 13.1

C=O 1712 0.062 16.1 1712 0.059 13.9 1706 0.051 14.1

1687 0.026 17.1

1675 0.032 13.0 1673 0.040 18.7 1668 0.052 17.5

AB 1662 0.139 13.0 1653 0.105 17.1

1654 0.246 12.8 1653 0.047 15.8 1642 0.234 18.0

1647 0.122 13.1 1642 0.133 19.3 1628 0.135 12.1

1635 0.209 13.3 1636 0.363 18.0

CD 1628 0.819 12.6 1630 0.630 12.3

1622 0.825 13.4

BC 1604 0.029 11.6

1595 0.059 18.0 1595 0.048 16.1

1585 0.056 15.6

1574 0.018 15.6

N-H 1567 0.426 11.6 1568 0.383 12.6

1553 0.030 16.1

1544 0.078 13.3

1543 0.028 10.7

1538 0.035 11.4

1530 0.047 16.8 1529 0.035 10.1

1523 0.143 10.3 1520 0.117 8.7

Table E.1: Band frequency νi, intensity Ii, band full width at half maximum (FWHM or
∆νi) and scattering cross section (SCS) of the Pr-I species: n. a. PCB, 13C5-labelled
chromophore and measured in D2O. Corresponding spectra are shown in fig. 4.7.
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E. Supplementary data and frequency tables

H2O 13C5 D2O

SCS 9.05 7.59 26.10

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

C=O 1712 0.057 12.8 1708 0.063 10.8 1710 0.061 14.8

1695 0.038 13.8

1676 0.063 18.0 1676 0.079 19.2 1671 0.015 15.7

AB 1656 0.196 16.7 1655 0.201 19.2 1645 0.166 16.7

1648 0.361 15.8 1647 0.136 17.2

1639 0.332 16.0 1641 0.316 16.9 1637 0.354 17.8

CD 1630 0.684 16.2 1631 0.726 17.6 1624 0.811 16.4

BC 1615 0.131 15.2

1605 0.189 13.2 1602 0.145 16.8

1586 0.040 15.4 1588 0.049 15.0

1575 0.022 13.2

N-H 1570 0.304 12.9 1568 0.347 13.3

1567 0.022 13.2

1550 0.065 16.3

1545 0.045 10.9 1544 0.052 15.7

1530 0.054 10.0

1524 0.111 14.4 1522 0.144 13.8

1514 0.019 16.0

Table E.2: Fitting values (νi, Ii and ∆νi) of all recorded Pr-II species: n. a. PCB, 13C5-
labelled chromophore and measured in D2O. Spectra are shown in fig. 4.8. Further nota-
tion details given in table E.1.
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E. Supplementary data and frequency tables

Cph1∆2 n.a. Cph1∆H260Q

Pfrprot Pfrprot Prprot

SCS 14.82 15.83 7.45

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

C=O 1719 0.013 10.3 1728 0.014 13.7

1714 0.042 10.3 1710 0.041 15.0 1716 0.020 13.7

1707 0.018 10.3

1688 0.022 16.9 1682 0.025 10.0 1699 0.022 13.7

1670 0.050 16.9 1668 0.037 13.1 1676 0.048 13.7

1656 0.051 16.9

AB 1645 0.199 11.8

1639 0.180 10.8 1638 0.112 9.2

1619 0.345 12.0

CD 1612 0.458 12.2 1622 0.590 13.2 1658 0.234 13.7

1606 0.371 13.0 1616 0.356 12.5 1650 0.420 13.0

1603 0.336 12.3 1609 0.404 13.9 1643 0.533 12.1

1639 0.056 14.1

1635 0.332 12.9

1603 0.036 10.0

1596 0.012 12.3 1596 0.032 10.0

1588 0.048 10.0

1586 0.020 10.8

N-H 1553 0.291 10.7 1554 0.120 9.8 1575 0.123 10.5

1547 0.112 12.1 1548 0.238 10.3 1569 0.212 10.9

1535 0.037 12.4 1539 0.029 10.1 1561 0.043 10.0

1520 0.125 15.2 1518 0.121 13.8 1542 0.024 10.0

1510 0.064 15.2 1509 0.053 14.4 1533 0.087 11.3

1500 0.043 10.4 1483 0.136 12.4 1525 0.055 12.0

1484 0.213 12.4 1516 0.027 12.0

1506 0.022 12.3

1492 0.065 13.9

Table E.3: Fitting values (νi, Ii and ∆νi) and SCS values for the protonated Pfr
species in the native protein (Pfrprot ), the Pfr and the Pr species of the H260Q mutant
(PfrH260Q,prot and PrH260Q). Corresponding spectra are shown in fig. 4.11.
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E. Supplementary data and frequency tables

Cph1∆2 n.a. Cph1∆2H260Q

Prdeprot Pfrdeprot Pfrdeprot

SCS 6.79 3.40 2.50

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

1702 0.093 14.8 1709 0.075 13.3 1709 0.032 16.0

1690 0.119 14.8 1688 0.152 15.9 1691 0.070 16.0

1674 0.285 18.0 1679 0.092 13.9 1678 0.155 16.9

1659 0.369 16.7 1669 0.145 13.9 1668 0.097 13.0

1648 0.417 16.0 1661 0.164 15.9 1662 0.121 13.0

1636 0.409 17.0 1652 0.152 10.4 1629 0.148 13.0

1626 0.588 17.0 1622 0.202 10.0 1620 0.319 12.1

1612 0.224 17.1 1610 0.358 14.8 1611 0.308 12.0

1596 0.305 15.5 1604 0.245 10.4 1604 0.541 14.9

1584 0.327 15.5 1597 0.526 14.9 1597 0.437 12.7

1576 0.177 16.4 1589 0.452 16.7 1588 0.350 11.7

1566 0.261 15.1 1575 0.066 12.0 1579 0.181 13.2

1547 0.121 15.1 1563 0.100 10.6 1565 0.086 11.7

1531 0.128 15.1 1554 0.164 10.6 1554 0.139 11.0

1515 0.144 14.1 1538 0.048 10.5 1546 0.113 12.4

1542 0.038 10.2 1536 0.125 12.7

1528 0.029 10.1 1525 0.090 12.7

1509 0.073 10.1 1514 0.113 13.5

1505 0.087 10.1 1504 0.173 16.0

1497 0.054 10.0 1492 0.252 16.0

1490 0.133 12.1

Table E.4: Fitting (νi, Ii and ∆νi) and SCS values of all deprotonated species from
the native Cph1∆2-variant (Prdeprot and Pfrdeprot), as well from the H260Q mutant
(PfrH260Q,deprot). The deprotonated spectra are plotted in fig. B.8.
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E. Supplementary data and frequency tables

pH Pr-I Pr-II Prdeprot Pfrprot Pfrdeprot

6.0 0.591 0.026 0.194 0.080 0.108

6.5 0.596 0.053 0.221 0.052 0.077

7.0 0.577 0.055 0.245 0.115 0.007

7.5 0.604 0.070 0.126 0.176 0.024

8.0 0.596 0.070 0.131 0.199 0.004

8.5 0.592 0.140 0.046 0.162 0.060

9.0 0.428 0.277 0.000 0.123 0.171

Table E.5: Normalized contribution of all component spectra (Pfrprot , Pfrdeprot , Pr-I, Pr-
II, Prdeprot) of the corresponding raw RR Pfr spectrum measured between pH = 6.0 and
9.0. The observed pH dependence shown in table 4.1 is in agreement with these values.
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Prdark Prilum Prback

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

C=O 1717 0.024 12.5 1717 0.025 12.5 1717 0.023 12.5

AB 1649 0.168 13.6 1649 0.165 13.6 1649 0.166 13.6

1639 0.227 11.1 1639 0.218 11.1 1639 0.215 11.1

CD 1626 0.826 12.1 1626 0.826 12.1 1626 0.823 12.1

1617 0.168 15.1 1617 0.175 15.1 1617 0.188 15.1

BC 1592 0.033 13.6 1592 0.045 13.6 1593 0.052 13.6

N-H 1571 0.280 12.4 1571 0.280 12.5 1572 0.271 12.5

1540 0.046 11.2 1542 0.042 10.2 1542 0.036 10.2

1535 0.023 10.2 1536 0.020 10.2

1528 0.068 14.4 1527 0.075 14.4 1527 0.069 14.4

1518 0.077 12.5 1517 0.078 12.5 1518 0.070 12.5

1512 0.015 12 1500 0.005 12.0 1512 0.011 12.0

1475 0.074 9.6 1475 0.083 9.6 1475 0.081 9.6

1468 0.098 14.1 1468 0.093 14.1 1468 0.092 14.1

1452 0.025 12 1452 0.026 12.0 1452 0.027 12.0

1442 0.021 12 1442 0.022 12.0 1442 0.022 12.0

1417 0.026 11.5 1417 0.029 11.5 1417 0.024 11.5

1430 0.009 11 1430 0.013 11.0 1430 0.009 11.0

1407 0.023 11.5 1407 0.026 11.5 1407 0.023 11.5

1397 0.026 11.5 1397 0.032 11.5 1397 0.026 11.5

1379 0.096 13.1 1379 0.102 13.1 1379 0.090 13.1

Table E.6: Fitting values (νi, Ii and ∆νi) of all possible Agp1FMR Pr species measured
in aqueous solution (Prdark, Prilum−1 and Prilum−2). Corresponding spectra are shwon in
fig. C.5.
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E. Supplementary data and frequency tables

Prdark Prilum Prback

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

C=O 1715 0.013 12.2 1715 0.013 12.2 1715 0.016 12.2

1704 0.039 12.2 1704 0.043 12.2 1704 0.046 12.2

AB 1640 0.175 12.8 1641 0.189 14.0 1641 0.213 12.8

1624 0.230 10.0 1625 0.273 10.0 1624 0.327 10.0

CD 1621 0.623 12.8 1621 0.587 12.8 1621 0.540 12.8

1614 0.273 13.1 1614 0.290 13.1 1614 0.300 13.1

BC 1607 0.131 15.8 1607 0.130 15.8 1607 0.125 15.8

1587 0.103 15.4 1587 0.103 15.4 1587 0.087 15.4

1574 0.033 14.3 1574 0.041 14.3 1574 0.021 14.3

1538 0.130 14.9 1538 0.148 14.9 1538 0.151 14.9

1526 0.056 11.1 1526 0.042 11.1 1526 0.040 11.1

1518 0.023 10.0 1518 0.030 10.0 1518 0.027 10.0

1495 0.127 10.1 1495 0.130 10.1 1495 0.124 10.1

1490 0.098 10.0 1490 0.096 10.0 1490 0.092 10.0

1481 0.038 11.7 1481 0.038 11.7 1481 0.042 11.7

1469 0.175 10.5 1469 0.182 10.5 1469 0.190 10.5

1461 0.045 11.1 1461 0.045 11.1 1461 0.053 11.1

1448 0.096 12.1 1448 0.101 12.1 1448 0.108 12.1

1440 0.031 11.1 1440 0.036 11.1 1440 0.038 11.1

1429 0.090 12.1 1429 0.098 12.1 1429 0.096 12.1

1422 0.054 14.7 1422 0.051 14.7 1422 0.050 14.7

1383 0.039 11.1 1383 0.038 11.1 1383 0.036 11.1

Table E.7: Fitting values (νi, Ii and ∆νi) of the corresponding D2O Pr spectra (Prdark,
Prilum−1 and Prilum−2) of table E.6. Spectra are shwon in fig. C.5.
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E. Supplementary data and frequency tables

Lumi-R−140 Lumi-R−120 Meta-Ra

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

1679 0.080 14.3

1661 0.121 14.3 1660 0.062 10.2 1664 0.050 13.9

1649 0.233 14.3 1650 0.212 14.3 1652 0.151 13.0

AB 1640 0.257 10.0 1640 0.262 10.0 1644 0.173 14.7

1629 0.704 11.8 1629 0.746 11.8 1628 0.364 12.5

1619 0.269 10.4 1619 0.306 11.2

BC 1610 0.155 10.1 1611 0.139 12.4

1602 0.187 11.8 1601 0.389 12.8

CD 1595 0.775 14.7 1594 0.645 14.1 1620 0.777 18.1

BC 1587 0.074 11.4 1584 0.057 13.1 1606 0.050 15.5

N-H 1574 0.182 10.5 1573 0.122 10.4

1563 0.337 13.3 1564 0.399 13.8 1570 0.210 15.5

1555 0.050 12.1 1556 0.023 12.5

1539 0.074 14.0 1539 0.069 16.0 1547 0.074 14.0

1528 0.099 15.0 1527 0.107 15.8 1532 0.038 13.1

1515 0.138 11.0 1515 0.095 12.4 1525 0.060 11.1

1478 0.114 11.1 1475 0.134 12.1 1515 0.064 12.1

1469 0.148 12.0 1466 0.121 11.0 1475 0.136 10.0

1456 0.103 14.0 1455 0.065 14.0 1468 0.104 11.1

1448 0.080 12.0 1448 0.059 10.5 1449 0.068 12.0

1439 0.053 12.0 1457 0.063 12.0

1430 0.097 12.3 1430 0.062 12.3 1439 0.038 12.0

1411 0.139 10.0 1411 0.116 10.0 1407 0.040 12.0

1385 0.052 11.1 1417 0.022 12.0

1382 0.069 13.0

Table E.8: Fitting values (νi, Ii and ∆νi) of the two possible Lumi-R species (Lumi-R1
and Lumi-R2) and the pure Meta-Ra component in Agp1FMR phytochrome measured
in H2O. Fitted spectra are shown in fig. C.6 (Lumi-R) and in fig. 5.7 (Meta-Ra).
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Lumi-R−140 Lumi-R−120 Meta-Ra

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

1718 0.016 14.9

1684 0.084 14.3 1707 0.046 14.9

1671 0.067 14.3 1672 0.084 14.8 1672 0.058 14.0

1654 0.051 14.0

AB 1645 0.224 14.3 1646 0.066 15.2

1644 0.118 14.3 1643 0.236 13.6

1637 0.155 10.0 1636 0.115 10.0

BC 1625 0.684 12.5 1624 0.661 12.5

1615 0.378 13.4 1615 0.294 13.4

1608 0.250 11.8 1609 0.281 11.8

CD 1600 0.217 12.3 1601 0.134 12.0 1625 0.545 13.4

1590 0.726 14.7 1592 0.738 15.3 1618 0.376 13.3

BC 1611 0.531 14.9

1582 0.221 11.3 1584 0.254 12.0 1602 0.111 13.8

1541 0.200 13.1 1541 0.215 10.3 1588 0.053 11.4

1533 0.112 13.1 1532 0.112 14.2 1544 0.124 14.9

1524 0.080 13.2 1522 0.098 10.0 1537 0.080 10.9

1495 0.232 11.6 1496 0.167 10.6 1529 0.024 10.5

1490 0.087 10.6 1490 0.153 11.6 1521 0.041 9.3

1485 0.158 10.6 1486 0.094 10.6 1495 0.182 12.0

1485 0.065 12.0

1469 0.207 10.6 1470 0.140 10.6 1473 0.087 11.7

1463 0.120 10.6 1464 0.168 12.6 1467 0.165 11.5

1453 0.104 10.0 1451 0.114 10.0 1459 0.062 11.1

1446 0.165 10.0 1444 0.129 12.0 1449 0.142 12.1

1434 0.125 10.0 1433 0.111 10.0 1441 0.055 11.1

1426 0.147 10.0 1424 0.167 12.0 1432 0.067 12.1

Table E.9: Fitting values (νi, Ii and ∆νi) of the corresponding D2O components (Lumi-
R1 and Lumi-R2 and Meta-Ra) of table E.8. Fitted D2O Lumi-R1 and R2 spectra as well
as the Meta-Ra spectrum are displayed in fig. C.6 and fig. 5.7 respectively.
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Pfr Meta-Rc Apoprotein

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

C=O 1710 0.028 14.6 1709 0.031 16.0 1739 0.625 10.4

1688 0.045 16.0 1719 0.848 10.8

1672 0.018 16.9 1666 0.100 10.4 1676 15.848 20.3

C=C 1650 0.022 16.9 1660 11.815 14.0

1633 0.038 16.9 1647 5.096 11.1

AB 1620 0.272 14.8 1624 0.312 17.0 1632 5.542 13.3

1611 0.231 14.6 1611 0.268 16.7 1607 10.118 32.1

CD 1600 0.691 14.1 1602 0.438 17.1 1580 2.855 15.5

1595 0.171 13.3 1591 0.554 18.1 1525 2.345 15.2

BC 1586 0.148 12.8 1583 0.351 14.3 1452 21.708 15.9

1577 0.069 13.4 1575 0.125 13.1 1412 3.441 10.4

N-H 1551 0.278 13.9 1555 0.066 10.0 1766 0.004 7.7

1547 0.071 10.0 1460 0.058 12.0

1528 0.029 12.4 1532 0.051 12.0 1447 0.319 16.6

1518 0.046 14.5 1525 0.035 12.0 1424 0.060 9.9

1509 0.094 13.4 1509 0.053 10.0 1501 0.034 10.8

1503 0.096 14.8 1620 0.143 19.4

1482 0.115 14.4 1482 0.171 15.2 1605 0.166 13.1

1465 0.035 14.1 1466 0.037 10.0 1585 0.066 7.8

1454 0.016 14.1 1453 0.061 10.5 1579 0.042 11.4

1443 0.045 10.6 1553 0.233 22.1

1436 0.030 17.0 1435 0.063 13.1 1468 0.383 19.9

1426 0.084 11.0 1451 0.014 4.4

1419 0.085 10.0 1401 0.028 16.1

Table E.10: Fitting values (νi, Ii and ∆νi) of the pure Agp1FMR H2O Pfr, the Meta-Rc
and the apoprotein component. Values in italics refer to Gaussian band fit functions (only
apoprotein). Corresponding spectra of the Pfr and Met-Rc species are found in fig. 5.7.
Apoprotein spectrum is shown in fig. C.4.
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Pfr Meta-Rc Apoprotein

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

C=O 1707 0.024 12.0 1631 15.899 22.4

1702 0.026 12.0 1689 0.096 14.0 1677 24.580 31.2

1667 0.124 14.8 1654 9.913 25.6

1657 0.095 14.6 1580 5.008 10.9

1644 0.119 14.6 1561 8.699 18.6

AB 1619 0.108 12.0 1623 0.174 13.0 1742 0.074 9.0

1607 0.229 15.0 1612 0.398 14.5 1721 0.036 4.4

1604 0.367 13.9 1711 0.021 4.2

CD 1598 0.147 14.6 1597 0.199 12.9 1670 0.047 5.4

1591 0.720 15.8 1589 0.512 15.9 1655 0.180 21.1

BC 1584 0.208 12.9 1580 0.433 15.3 1639 0.095 12.0

1576 0.074 15.8 1573 0.217 14.2 1630 0.030 12.0

1564 0.087 14.4 1605 0.155 22.1

1552 0.092 12.3 1617 0.252 35.3

1530 0.014 10.6 1543 0.134 12.4 1595 0.096 9.7

1513 0.090 10.6 1516 0.059 10.1 1586 0.069 9.8

1512 0.125 10.3 1554 0.119 14.3

1499 0.208 13.9 1504 0.117 14.9 1535 0.065 8.1

1488 0.086 13.6 1495 0.114 12.0 1521 0.086 10.8

1481 0.050 12.0 1510 0.038 16.6

1474 0.064 12.6 1476 0.126 11.7 1486 0.067 16.6

1465 0.031 13.6 1468 0.135 13.5 1469 0.487 18.9

1446 0.040 13.6 1458 0.099 15.1 1461 0.472 17.9

1456 0.055 12.6 1447 0.220 15.1 1451 0.275 15.9

1435 0.013 12.6 1436 0.298 16.6 1440 0.241 19.9

1420 0.081 12.6 1425 0.115 15.6 1416 0.077 10.8

Table E.11: Fitting values (νi, Ii and ∆νi) of the corresponding D2O components (Pfr,
Meta-Rc and apoprotein) according to table E.10. D2O spectra of the Pfr and Meta-Rc
component and apoprotein are shown in fig. 5.7 and fig. C.4 respectively. Further details
are given in table E.10.
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Pap1 Pfr Agp2 Pfr Xcp1 Pfr

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

C=O

COOH 1754 0.007 10.0 1752 0.010 10.0

D 1696 0.015 13.5 1698 0.020 14.0 1713 0.025 11.3

1682 0.008 16.5 1683 0.012 15.0

1670 0.009 15.3 1672 0.011 15.0

1661 0.031 15.7 1657 0.021 15.7

1651 0.007 15.8

1640 0.002 14.2 1637 0.016 13.8

1625 0.030 13.0 1614 0.056 13.0

A 1613 0.059 12.9 1609 0.022 12.9 1614 0.141 11.7

AB 1603 0.315 12.1 1605 0.325 12.2 1607 0.312 13.4

CD 1598 0.742 12.1 1598 0.733 12.4 1594 0.842 14.6

BC 1585 0.061 13.1 1588 0.093 14.3 1585 0.097 11.9

D 1575 0.080 12.1 1577 0.088 12.5 1575 0.027 11.6

N-H 1549 0.231 11.7 1549 0.258 12.4 1550 0.282 11.2

1526 0.073 11.8 1525 0.068 13.8 1529 0.021 11.8

1510 0.040 11.6 1510 0.059 11.8 1521 0.029 16.0

1508 0.053 12.4 1506 0.053 11.2 1507 0.123 13.4

1482 0.065 12.2 1483 0.066 12.5 1483 0.082 10.9

1465 0.041 16.6 1471 0.008 14.4 1463 0.013 13.0

1453 0.020 17.0 1461 0.037 14.4 1455 0.025 13.0

1437 0.043 13.6 1435 0.025 10.0 1437 0.018 12.0

1421 0.025 11.1 1423 0.020 11.6 1420 0.017 11.3

1413 0.053 11.3 1414 0.027 11.3 1412 0.017 11.3

1391 0.005 10.1 1394 0.009 11.3

1383 0.031 10.0 1385 0.024 10.0 1382 0.036 11.0

Table E.12: Pfr state marker region fitting values (νi, Ii and ∆νi) of Pap1, Agp2 and
Xcp1 bathy phytochromes. Corresponding spectra are shown in fig. D.2. HOOP region
fitting parameters are shown in table E.13. Band assignment corresponds to QM/MM
calculated spectra [159].
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Pap1 Pfr Agp2 Pfr Xcp1 Pfr

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

904 0.004 12.0 901 0.015 10.6 905 0.006 19.2

890 0.032 10.1 889 0.030 9.4

844 0.010 9.6 842 0.037 8.5 842 0.223 7.8

824 0.034 10.1 833 0.041 11.4

HOOP 812 0.665 13.3 811 0.646 13.4 804 0.926 10.7

790 0.001 11.0 796 0.002 7.1

773 0.001 11.2 779 0.004 8.5

751 0.024 11.0 753 0.025 9.9 750 0.001 8.0

741 0.028 14.2 742 0.024 12.3 741 0.056 8.4

728 0.128 9.6 726 0.118 8.5 724 0.059 7.5

715 0.052 10.2 715 0.014 11.9 712 0.070 9.7

711 0.045 9.2

708 0.024 9.8

694 0.031 10.8 693 0.040 8.2 692 0.077 10.3

687 0.023 12.5 685 0.045 10.0 686 0.052 11.3

680 0.020 14.5

671 0.070 8.1 672 0.056 7.1 672 0.133 8.2

661 0.105 7.7

OOP 651 0.354 8.2 650 0.232 9.8 652 0.387 7.7

633 0.013 13.1 632 0.020 8.0

628 0.044 9.9 630 0.052 10.2

613 0.006 12.9

Table E.13: HOOP region fitting values (νi, Ii and ∆νi) according to table E.12 (Pfr state
in Pap1, Agp2 and Xcp1 bathy phytochromes).
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Agp1 Pfr 13C10-BV Agp1∆18 Pfr

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

C=O

D 1710 0.028 14.6 1710 0.032 14.6 1713 0.024 10.0

1693 0.011 16.1

1679 0.012 16.2

1672 0.018 16.9 1667 0.012 16.2

1650 0.022 16.9

1633 0.038 16.9 1631 0.036 10.0

AB 1620 0.272 14.8 1618 0.111 10.2 1620 0.300 13.0

AB 1611 0.231 14.6 1608 0.387 14.1 1607 0.134 13.0

CD 1600 0.691 14.1 1600 0.690 14.0 1602 0.412 13.7

CD 1595 0.171 13.3 1592 0.125 13.1 1596 0.510 13.0

BC 1586 0.148 12.8 1580 0.044 13.9 1589 0.262 13.0

BC 1577 0.069 13.4 1565 0.062 15.4 1579 0.101 13.0

N-H 1551 0.278 13.9 1551 0.267 14.2 1551 0.226 14.0

1528 0.029 12.4 1531 0.041 12.9 1522 0.034 13.0

1518 0.046 14.5 1522 0.039 14.9 1510 0.086 15.4

1509 0.094 13.4 1506 0.116 13.7 1503 0.031 12.0

1499 0.021 13.1

1482 0.115 14.4 1482 0.129 13.4 1480 0.145 14.7

1465 0.035 14.1 1461 0.014 10.1

1454 0.016 14.1 1456 0.029 15.0

1438 0.050 16.9

1436 0.030 17.0 1435 0.023 12.1 1427 0.030 14.4

1416 0.013 14.1 1416 0.020 16.1 1411 0.040 13.3

1382 0.022 12.0 1382 0.020 12.0 1389 0.032 13.0

1376 0.066 13.0

Table E.14: Pfr state marker region fitting values (νi, Ii and ∆νi) of Agp1 (n. a. and
13C10-BV) phytochrome and Agp1∆18 mutant. Corresponding HOOP region fitting
parameters are shown in table E.15. Spectra are shown in fig. D.2.
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Agp1 Pfr 13C10-BV Agp1∆18 Pfr

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

858 0.013 10.0 859 0.003 10.2 860 0.049 11.5

853 0.069 10.0 848 0.050 11.0 854 0.164 12.9

843 0.042 9.9 839 0.066 12.1 845 0.099 10.1

836 0.031 10.0 832 0.021 12.0

817 0.069 11.1

HOOP 810 0.656 10.9 810 0.623 11.6 809 0.519 11.8

HOOP 803 0.331 9.6 802 0.234 9.4 802 0.424 12.9

748 0.013 12.0 744 0.008 12.0 735 0.020 10.0

724 0.064 10.0 722 0.063 10.1 725 0.048 10.0

713 0.024 9.6 713 0.020 10.0 716 0.046 10.0

709 0.009 9.6 707 0.033 9.6

692 0.095 9.8 692 0.077 9.4 693 0.178 9.1

684 0.048 9.9 683 0.054 12.1 686 0.126 9.2

676 0.158 9.5 676 0.118 9.5 677 0.136 10.2

OOP 657 0.191 9.9 657 0.169 9.9 657 0.219 10.0

652 0.040 10.4 649 0.043 10.4 650 0.066 11.1

642 0.025 10.9 641 0.025 10.9 637 0.027 12.0

633 0.006 10.6 631 0.003 10.6

599 0.001 12.0 599 0.001 12.0

Table E.15: HOOP region fitting values (νi, Ii and ∆νi) according to table E.14 (Pfr
state in Agp1 n. a. BV, 13C10-BV and Agp1∆18 mutant). Further details are given in
table E.12.
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Agp1C20A Pfr CphB Pfr Rph2 Pfr

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

C=O

A 1723 0.002 11.0

D 1712 0.039 16.1 1712 0.029 12.2 1712 0.031 12.3

1682 0.021 17.0 1679 0.018 16.0

1660 0.033 16.0

1641 0.032 16.1

1629 0.086 14.9

AB 1620 0.319 15.0 1615 0.196 10.9 1614 0.356 11.7

AB 1610 0.083 14.5 1608 0.478 11.9 1607 0.368 13.4

CD 1603 0.205 14.0

CD 1598 0.633 15.8 1599 0.619 13.7 1598 0.742 13.1

BC 1590 0.238 15.7 1593 0.262 12.7

BC 1585 0.118 12.9 1586 0.129 14.9

BC 1579 0.089 15.5 1577 0.084 12.4 1580 0.069 11.6

1569 0.049 14.6

N-H 1550 0.228 16.3 1549 0.281 13.3 1548 0.314 12.3

1537 0.032 16.1

1522 0.065 16.0 1524 0.042 15.6 1525 0.063 15.3

1512 0.116 16.4

1503 0.055 16.0 1506 0.141 14.3 1508 0.159 16.0

1482 0.152 17.1 1482 0.102 13.1 1482 0.131 13.2

1465 0.026 15.5 1463 0.050 15.4 1462 0.046 15.0

1450 0.023 13.0 1450 0.019 14.0

1433 0.042 13.0 1437 0.038 14.1 1435 0.044 14.0

1421 0.033 13.4 1425 0.015 15.7 1421 0.042 13.7

1409 0.042 15.3 1411 0.017 14.9 1409 0.034 14.3

1393 0.033 15.6 1396 0.021 13.3

1381 0.065 13.0 1385 0.019 13.7 1384 0.059 14.5

Table E.16: Pfr state marker region fitting values (νi, Ii and ∆νi) of Agp1-C20A, CphB-
fl and Rph2-PGP species. Spectra displayed in fig. D.2. Corresponding HOOP region
fitting parameters are shown in table E.17.
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Agp1C20A Pfr CphB Pfr Rph2 Pfr

νi Ii ∆νi νi Ii ∆νi νi Ii ∆νi

901 0.012 10.0

891 0.005 10.2

862 0.046 12.0

854 0.116 12.1 852 0.059 11.3

845 0.057 10.6 842 0.134 11.6 842 0.148 10.0

834 0.051 9.7 833 0.045 9.9

826 0.034 9.7

HOOP 809 0.518 11.5 807 0.412 8.8 807 0.560 9.9

HOOP 802 0.350 12.6 799 0.752 9.2 802 0.416 10.0

762 0.019 12.0 766 0.002 12.5

748 0.016 12.0

740 0.023 10.0 741 0.019 12.0 741 0.022 10.4

725 0.051 10.0 725 0.078 10.8 724 0.056 9.5

715 0.030 10.0 710 0.076 9.4 711 0.050 9.0

693 0.123 9.1 694 0.107 9.0 692 0.101 11.6

687 0.087 9.2 684 0.076 11.1 684 0.037 10.0

677 0.130 10.2 675 0.147 9.3 675 0.095 10.0

670 0.017 10.9

OOP 658 0.167 10.0 662 0.034 10.5

652 0.060 11.1 654 0.259 10.8 653 0.289 10.1

637 0.036 12.0 638 0.039 15.4

Table E.17: HOOP region fitting values (νi, Ii and ∆νi) according to table E.16 (Pfr state
in Agp1-C20A, CphB-fl and Rph2-PG). Corresponding spectra are shown in fig. D.2.
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Pr state pH titration

pH Prenol,1 Prenol,2 Prenol,3 Prketo,1 Prketo,2 Prketo,3

6.01 0.078 0.096 0.071 1.047 1.041 1.058

6.50 0.080 0.092 0.073 1.041 1.047 1.027

7.00 0.172 0.154 0.161 0.975 0.985 0.977

7.23 0.300 0.312 0.293 0.890 0.863 0.887

7.50 0.357 0.352 0.349 0.816 0.816 0.819

7.76 0.491 0.484 0.498 0.697 0.709 0.713

8.00 0.616 0.649 0.618 0.575 0.561 0.583

8.50 1.020 0.987 0.970 0.205 0.233 0.247

9.00 1.253 1.214 1.261 0.000 0.004 0.000

9.50 1.253 1.246 1.261 0.000 0.000 0.000

10.00 1.253 1.246 1.261 0.000 0.000 0.000

10.50 1.253 1.269 1.268 0.000 0.001 0.000

Table E.18: Component contribution of the overall Agp2-fl RR Pr spectra (Prketo and
Prenol species) measured between pH 6.01 and 10.50. Standard error was determined
based on three independent measurements.
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